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Abstract
Hypertrophic scars (HSs) are characterized by fibroblast hyperproliferation and excessive matrix deposition. During wound
healing, transforming growth factor (TGF)-β1/Smad signaling acts as a key regulator. As a transcriptional corepressor of
TGF-β1/Smads, SnoN is expressed at low levels in many fibrotic diseases due to TGF-β1/Smad-induced degradation. SnoN
residue (1–366; SR) is resistant to TGF-β1-induced degradation. However, the expression and role of SR in HSs are
unknown. Here, we inhibited TGF-β1/Smad signaling via overexpression of SR to block fibroblast transdifferentiation,
proliferation, and collagen deposition during HS formation. Our results showed that SnoN was downregulated in HS
fibroblasts (HSFs) owing to TGF-β1/Smad-induced degradation. Overexpression of SR in normal human dermal fibroblasts
(NHDFs) and HSFs successfully blocked phosphorylation of Smad2 and Smad3, thereby inhibiting NHDF
transdifferentiation and HSF proliferation and reducing type I collagen (ColI) and type III collagen (ColIII) production
and secretion. In addition, we applied overexpressed full-length SnoN (SF) and SR to wound granulation tissue in a rabbit
model of HSs. SR reduced wound scarring, improved collagen deposition and arrangement of scar tissue, and decreased
mRNA and protein expression of ColI, ColIII, and α-smooth muscle actin (α-SMA) more effectively than SF in vivo. These
results suggest that SR could be a promising therapy for the prevention of HS.

Introduction

Many patients suffer from hypertrophic scars (HSs) due to
deep dermal injury after surgeries, burn, or trauma, leading
to deformation of appearance and excessive contracture of
neogenetic tissues, thus causing cosmetic, functional, and
psychological problems [1]. HS is characterized by over-
proliferation of fibroblasts and excessive deposition of
extracellular matrix (ECM) [2]. Novel strategies for pre-
venting HS are urgently needed.

When skin tissues are injured, fibroblasts near the injured
site transdifferentiate into myofibroblasts expressing α-
smooth muscle actin (α-SMA), which promotes wound
healing. During this process, transforming growth factor
(TGF)-β1/Smad signaling acts as a key regulator [3, 4]. When
TGF-β1 binds to its receptor (TβRII), phosphorylation of
Smad proteins is triggered, resulting in the transcription of
downstream target genes, e.g., type I and III collagen (ColI
and ColIII), and the transdifferentiation of fibroblasts [4–6].
During wound healing, redundant ECM is degraded through
the concerted functions of matrix metalloproteinases (MMPs)
and tissue inhibitors of matrix metalloproteinases (TIMPs)
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[7], and myofibroblasts undergo apoptosis [3], creating a flat
scar known as a physiological scar. However, continuous
activation of TGF-β1/Smad signaling after wound healing
causes hyperproliferation of myofibroblasts and excessive
production of ECM, leading to HS formation.

Researchers have attempted to inhibit wound scarring by
blocking TGF-β1/Smad signaling, e.g., using TGF-β1
antagonists [8] or anti-TGF-β1 antibodies [9]. However,
TGF-β1 is continuously produced by various cells involved
in wound healing [10] and accelerates wound repair during
the early stage [11], making appropriate inhibition difficult.
Therefore, other targets have been explored, e.g., truncated
TβRII [12], overexpression of dominant-negative mutant
TβRII [13], and TβRI (also known as activating receptor-
like kinase (ALK) siRNA [14]. ALK1 and ALK5, activated
by binding of TGF-β1 with TβRII, mediate the phosphor-
ylation of Smad1, Smad, Smad3, and Smad5 [15, 16].
Moreover, Smad2 and Smad4 both mediate the transdif-
ferentiation of fibroblasts to myofibroblasts and result in the
upregulation of α-SMA. Smad2–4 are associated with
increased production of all collagen types [17, 18]. Addi-
tionally, wound scarring is inhibited by Smad3 siRNA [19],
knockout of Smad3 [20], or dominant-negative Smad3/4
and ectopic expression of Smad7 [21]. However, because of
the independent functions of these proteins, modulating the
functions of these proteins is challenging.

Human SnoN is a ubiquitously expressed nuclear protein
of 684 amino acids [22] that shares 50% amino acid
homology and 36% identity with Ski proteins [23]. SnoN
contains several important structural domains mediating
interactions with Smad proteins, including 89–92 residues
required for binding to Smad2 or Smad3, a 100-amino acid
Dachshund homology domain (DHD), which can bind
directly to nuclear receptor corepressors (N-CoRs) to recruit
the transcriptional corepressor complex of N-CoR, mam-
malian Sin3 (mSin3) and histone deacetylase complex
(HDAC) and mediate the degradation of SnoN by being
targeted by three E3 ubiquitin ligases, e.g., Smad ubiquitin
regulatory factor [24], the anaphase promoting complex
(APC/C) [25], and Arkadia [26], among other interactions
[22, 23]. SnoN maintains the repressed state of the respon-
sive genes of TGF-β1 in the absence of ligand and partici-
pates in negative feedback upon stimulation of TGF-β1.
Immediately after TGF-β1 stimulation, phosphorylated
Smad3 and Smad2 form complexes with Smad4, resulting in
rapid ubiquitination and degradation of SnoN; this permits
TGF-β1 signaling activation through binding with SnoN and
recruitment of Smurf2, APC/C, and Arkadia. However,
SnoN can interact with Smad2 or Smad3 via residues 89–92
to compete with Smad4 for binding to Smad2, disrupting the
functional Smad heteromeric complexes. This mechanism
also recruits the transcriptional corepressor complex of N-
CoR, mSin3, and HDAC1 to the target promoters,

antagonizing TGF-β1/Smad signaling. SnoN expression is
altered under many pathological conditions, including renal
fibrosis due to diabetic nephropathy and obstructive injury
[27–29], paraquat-induced pulmonary fibrosis [30], liver
fibrosis [31], and cardiac fibrosis [32]. MG132 attenuates
diabetic nephropathy-induced renal fibrogenesis by inhibit-
ing ubiquitination and degradation of SnoN [29]. However,
the role of SnoN in HS formation has not been studied.

Therefore, in this study, we evaluated the role of SnoN
residue (1–366; SR), which can interact with Smads but
blocks SnoN degradation [25], in HS formation and
ECM deposition. Our findings provide important
insights into the use of SR as a potential therapy for the
prevention of HS.

Results

Downregulation of SnoN protein expression in HS
fibroblasts (HSFs) by ubiquitin-dependent
degradation

Because SnoN is degraded in multiple organ fibrotic diseases
by ubiquitin-dependent degradation through the TGF-β1Smad
signaling pathway [27, 28, 30–34], we evaluated these path-
ways in normal human dermal fibroblasts (NGDFs) and HSFs
in vitro. In both HSFs and NHDFs, SnoN mRNA expression
was upregulated by TGF-β1 treatment (P< 0.001; Fig. 1a),
although there were no significant differences between the
two cell lines. SnoN protein was degraded by incubation with
a ubiquitin mixture (UM) in HSFs to a greater extent than that
in NHDFs (P< 0.05, P< 0.01). After stimulation with TGF-
β1, SnoN was higher in NHDFs than HSFs (P< 0.001) but
was degraded dramatically in both cell lines (P< 0.001;
Fig. 1b), indicating that ubiquitin-dependent degradation of
SnoN existed in HSs and was induced by TGF-β1. Moreover,
TGF-β1 stimulation increased the phosphorylation of Smad2
and Smad3 in HSFs and NHDFs (P< 0.05), with that in the
former remaining higher than that in the latter (P< 0.001;
Fig. 1c), indicating that TGF-β1 induced SnoN degradation
by mediating Smad2 and Smad3 phosphorylation. Immuno-
cytofluorescence analysis showed that SnoN was mainly
localized in the cytoplasm of NHDFs but in the nucleus of
HSFs. After TGF-β1 stimulation, SnoN translocated into the
nucleus in both cell lines. Moreover, SnoN expression nearly
disappeared in HSFs (Fig. 1d) owing to nuclear degradation
[33]. Thus, TGF-β1-induced translocation contributed to the
degradation of SnoN in HSs.

Lentivirus-mediated overexpression of SnoN

Next, to examine the effects of SnoN overexpression on
HSs in vitro and in vivo, we created a lentivirus
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expression system in NHDFs and HSFs. After transfection
for 3 days, more than 90% of the cells displayed green
fluorescent particles (Supplementary Fig. s1). Transfec-
tion with LV-GFP-SF (encoding full-length SnoN [SF]) or
LV-GFP-SR for 3 days showed that SF was mainly dis-
tributed in the cytoplasm in NHDFs but was partially

translocated into the nucleus and degraded following
TGF-β1 treatment. In HSFs, SF was localized in both the
cytoplasm and nucleus, and TGF-β1 treatment resulted in
the degradation of SF, with low levels remaining in the
cytoplasm. In the absence of TGF-β1 stimulation, SR
showed trends similar to those of SF in NHDFs and HSFs;

Fig. 1 SnoN protein was downregulated in HSFs through TGF-β1-
induced degradation. NHDFs and HSFs were treated with or without 5
ng/mL TGF-β1 for 24 h. NSDFs and HSFs, the paired samples from
the same individual (n= 3). a SnoN mRNA was evaluated by RT-
qPCR. b, c Cell lysates were incubated with a ubiquitin mixture, and
western blot analysis was carried out for the detection of SnoN,
phospho (p)-Smad2, and p-Smad3. b mRNA and protein levels of
SnoN after incubation with the ubiquitin mixture with or without TGF-
β1. mRNA and protein levels from NHDFs in the absence of TGF-β1
were set at 1 for normalization. Data are expressed as the fold change.

Values are means ± SEMs (n= 5; a F= 34.732, b F= 48.302, c: p-
Smad2: F= 10.01, p-Smad3: F= 6.19; *P < 0.05, **P < 0.01, ***P
< 0.001 vs. NHDFs with no TGF-β1; #P < 0.05, ##P < 0.01, ###P <
0.001 vs. HSFs with no TGF-β1; △△△P < 0.001 vs. HSFs incubated
with the ubiquitin mixture; ▲P < 0.05 vs. NHDFs with TGF-β1
treatment). d Immunocytofluorescence staining of SnoN (red) in TGF-
β1-stimulated NHDFs and HSFs. DAPI was used for nuclear coun-
terstaining (blue). Scale bar= 20 µm. HSF hypertrophic scar fibro-
blast, TGF transforming growth factor, NHDF normal human dermal
fibroblast
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however, after TGF-β1 treatment, SR was translocated
into the nucleus and not degraded in both NHDFs and
HSFs (Fig. 2a). Quantitative reverse transcription PCR
(RT-qPCR) and western blotting showed that SnoN
mRNA and protein levels were elevated in cells expres-
sing SF and SR compared with those in control cells, with
or without TGF-β1 treatment (P < 0.001; Fig. 2b–d).
TGF-β1 treatment resulted in the upregulation of SnoN
mRNA in cells expressing SR and SF (P < 0.001;
Fig. 2b). In contrast, TGF-β1 treatment downregulated
SnoN protein in cells expressing SF (P < 0.001), whereas
no differences were observed in cells expressing SR,
regardless of TGF-β1 treatment (Fig. 2c, d).

Notably, TGF-β1 treatment decreased Smad2 and
Smad3 phosphorylation levels in NHDFs expressing SR
(P < 0.05, P < 0.001, respectively), whereas only Smad3

phosphorylation was decreased in NHDFs expressing SF
(P < 0.05) compared with control cells. Phosphorylation of
Smad2 and Smad3 was lower in cells expressing SR than in
cells expressing SF (P < 0.05, P < 0.01, respectively). In
HSFs, phosphorylation of Smad2 and Smad3 was obviously
decreased compared with that in the control, regardless of
TGF-β1 treatment (P < 0.05, P < 0.001, respectively).
Additionally, Smad2 and Smad3 phosphorylation was sig-
nificantly lower in cells expressing SR than in cells
expressing SF following TGF-β1 treatment (P < 0.01;
Fig. 2e, f).

In vivo, SnoN expression was increased in the SF and SR
groups compared with the control and vector groups.
However, α-SMA expression was gradually reduced, with
the lowest expression observed in the SR group (Fig. 5c).
RT-qPCR showed that SnoN mRNA levels were higher in

Fig. 2 SnoN residue (SR) and full-length SnoN (SF) were successfully
overexpressed using a lentivirus overexpression plasmid. a NHDFs
and HSFs were separately transfected with 107 TU/mL LV-GFP-SF or
LV-GFP-SR and treated with or without TGF-β1 stimulation. SF and
SR localizations were evaluated by immunocytofluorescence of
SnoN (red). DAPI was used for nuclear counterstaining (blue). Scale
bar = 20 µm. b–f SnoN mRNA and protein levels in NHDFs and
HSFs transfected with LV-GFP-SF (SF group), LV-GFP-SR
(SR group), LV-GFP (Vec group), or nothing (Ctrl group), with or
without 5 ng/mL TGF-β1. b SnoN mRNA in NHDFs and HSFs.
c Protein levels and western blot analysis of SnoN in NHDFs.

d Protein levels and western blot analysis of SnoN in HSFs.
e, f Phosphorylation of Smad2 and Smad3 in NHDFs and HSFs
transfected with LV-GFP-SF (SF group), LV-GFP-SR (SR group),
LV-GFP (Vec group), or nothing (Ctrl group), with or without
5 ng/mL TGF-β1. Data are expressed as fold changes. Values are
means ± SEMs (n = 5, *P < 0.05, **P < 0.01, ***P < 0.001 versus
the Ctrl group in vitro; #P < 0.05, ##P < 0.01, ###P < 0.001 versus the
Ctrl+Tβ1 group in vitro; △△P < 0.01, △△△P < 0.001 versus the
corresponding SF or SR group; ▲P < 0.05, ▲▲P < 0.01,
▲▲▲P < 0.001 versus the SF+Tβ1 group in vitro)
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the SF and SR groups than the control group on days 0, 30,
and 40 (P < 0.001; Fig. 5d).

Effects of SnoN on proliferation,
transdifferentiation, and ECM production in NHDFs

Because TGF-β1/Smad signaling promotes NHDF transdif-
ferentiation and ECM production, resulting in HS formation
[35], and SnoN suppresses TGF-β1/Smad signaling [36], we
hypothesized that overexpressing SnoN would inhibit NHDF
transdifferentiation and ECM production. Cell counting kit
(CCK)-8 assays showed that in the absence of TGF-β1 sti-
mulation, cell proliferation was accelerated by SF and SR on
days 3 and 7 (P< 0.05). However, in the presence of TGF-β1,
cell proliferation was first promoted on day 3 and then sup-
pressed dramatically on day 7 (P< 0.05, P< 0.001). On day
10, proliferation in cells expressing SR was significantly
suppressed compared with the control. SR was more efficient
than SF at all time points (P< 0.05; Fig. 3a).

Notably, following TGF-β1 treatment, the mRNA and
protein levels of ColI, ColIII, and α-SMA were significantly
downregulated in cells expressing SF and SR (P < 0.05, P
< 0.001), with SR showing superior effects (P < 0.05, P <
0.01; Fig. 3b, c). Enzyme-linked immunosorbent assays
(ELISAs) showed that ColI and ColIII secretion was
decreased by both SF and SR (P < 0.01, P < 0.001), with
SR showing superior effects (P < 0.05; Fig. 3d).

Effects of SnoN on proliferation and ECM production
in HSFs

Next, we evaluated the effects of SnoN on proliferation and
ECM production in HSFs. The results showed that SR sig-
nificantly inhibited proliferation, regardless of TGF-β1 treat-
ment, at all time points (P< 0.05, P< 0.001), whereas SF
significantly inhibited HSF proliferation at all time points
except day 10 (P< 0.05, P< 0.01). SF showed slightly lower
effects than SR in the presence of TGF-β1 (P< 0.05, P<
0.01; Fig. 4a). Similarly, both SR and SF significantly
downregulated ColI, ColIII, and α-SMA protein and mRNA
levels, regardless of TGF-β1 treatment (P< 0.05, P< 0.001),
with the exception of ColIII, which was not downregulated by
SF in TGF-β1-treated cells (Fig. 4b, c).

In HSFs, ELISAs showed that ColI and ColIII secretion
was markedly decreased only by SR (P < 0.01; Fig. 4d).
Thus, SnoN suppressed proliferation and ECM production
in HSFs.

Effects of SnoN on hyperplasia and ECM deposition
in rabbit ear scars

To verify the function of SnoN in HSs in vivo, we estab-
lished an ear HS model in rabbits [14, 37]. SF and SR

treatment of rabbit ears on days 7 and 14 post surgery
improved the appearance of the repaired wound on days 20
and 40 (Fig. 5a). Immunohistofluorescence staining of
Ki67, a cell proliferation marker, on day 30 demonstrated
the suppressive effects of SnoN on HSF proliferation
in vivo (Fig. 5b). Repaired wounds were evaluated by the
Vancouver scar scale (VSS). Total VSS scores were sig-
nificantly lower in the SF and SR groups than in the control
and vector groups at all time points after wounding (P <
0.05, P < 0.001), and SR had significantly greater effects on
VSS than SF on days 30 and 40 (P < 0.05; Fig. 5e). All
tissue sections were evaluated by the scar elevation index
(SEI), the ratio of the scar area to the normal skin dermis, to
quantify scar hypertrophy [14]. As with VSS, the SEIs in
rabbit ear wounds treated with SF and SR were much lower
than those in the control and vector groups at all time points
(P < 0.05, P < 0.001), with SR showing a greater decrease
in SEI than SF on days 30 and 40 (P < 0.05). The SEIs of
all groups were higher on day 30 than on day 20 and
decreased on day 40 (Fig. 5e).

Collagen deposition was lower in the SF and SR groups
than in the control and vector groups at all time points
(Fig. 5f). Furthermore, collagen fibers in the control and
vector groups were arranged irregularly and compactly,
whereas those in the SF and SR groups were arranged in a
regular pattern (Fig. 5f). RT-qPCR and western blotting
showed that SF and SR notably reduced the mRNA and
protein expression of ColI, ColIII, and α-SMA on days 20
and 30 (P < 0.01, P < 0.001; Fig. 5g).

Taken together, these data showed that SnoN relieved
hypertrophy, collagen deposition, and scar contracture
(suggested by α-SMA expression), thus attenuating HS
formation in vivo.

Discussion

Many studies have shown that blocking the pathways
upstream of TGF-β1 signaling using inhibitors or siRNAs is
not satisfactory and is associated with off-target effects
[14, 20, 38]. The dead-end inhibitor SnoN provides more
specific inhibition [39] but has not been well studied.
Downregulation of SnoN by ubiquitination and degradation
has been observed in cardiac fibrosis, pulmonary fibrosis,
liver fibrosis, and renal fibrosis [27, 30–32, 36, 40]. Con-
sistent with these studies, we found that the protein expression
of SnoN was lower in HSFs than in NHDFs, suggesting the
occurrence of SnoN degradation. SnoN protein was further
downregulated when UM was added to HSFs, indicating that
SnoN was degraded via the ubiquitin system, and treatment
with both UM and TGF-β1 also downregulated SnoN in both
HSFs and NHDFs. Phosphorylation of Smad2 and Smad3
mediates TGF-β1-induced SnoN degradation [24, 25]. Indeed,
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our results showed that phosphorylation of Smad2 and Smad3
was increased in HSFs compared with NHDFs and was
enhanced following treatment with TGF-β1 in both cell lines,
providing support for the observed degradation of SnoN in
HSFs in particular.

SnoN is predominantly located in cytoplasm in normal
human tissues and becomes exclusively nuclear in cancer
cells. In cancer cells, SnoN is associated with cell dif-
ferentiation, during which SnoN exhibits altered locali-
zation [40–43]. Furthermore, this molecule is resistant to

Fig. 3 SR significantly inhibited TGF-β1-induced NHDF transdiffer-
entiation and collagen deposition. a Effects of SR and SF on NHDF
proliferation in absence or presence of TGF-β1. b Effects of SR and SF
on ColI, ColIII, and α-SMA mRNA levels with and without TGF-β1. c
Effects of SR and SF on ColI, ColIII, and α-SMA protein levels with
and without TGF-β1. d Effects of SR and SF on TGF-β1-induced ColI
and ColIII secretion in NHDFs (n= 5, (a) D0: F= 35.116, D3: F=

12.781, D7: F= 6.699, D10: F= 8.055, (b) ColI: F= 113.202, ColIII:
F= 199.134, α-SMA: F= 773.195, (c) ColI: F= 9.074, ColIII: F=
12.776, α-SMA: F= 10.376, (d) ColI: F= 17.901, ColIII: F=
15.070; *P < 0.05 vs. the Ctrl group; #P < 0.05, ##P < 0.01, ###P <
0.001 vs. the Ctrl+ Tβ1 group; ▲P < 0.05, ▲▲P < 0.01 vs. the SF+
Tβ1 group). NHDF normal human dermal fibroblast, TGF trans-
forming growth factor
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TGF-β1-induced degradation in the cytoplasm [33]. We
found that SnoN was mainly localized in the cytoplasm of
NHDFs but was predominantly localized in the nucleus of
HSFs. Following TGF-β1 stimulation, NHDFs transdif-
ferentiate into myofibroblasts, showing a phenotype
similar to that of HSFs [11, 17, 35, 43], and SnoN

translocated into the nucleus accordingly. Thus, our
findings showed that SnoN protein was downregulated in
HSFs through ubiquitination and degradation resulting
from TGF-β1-induced and p-Smad3- and p-Smad2-
mediated cell phenotype alterations causing nuclear
translocation of SnoN.

Fig. 4 SR significantly inhibited HSF proliferation and collagen
deposition in the presence of TGF-β1. a Effects of SR and SF on HSF
proliferation in the presence and absence of TGF-β1. b, c Effects of SR
and SF on the mRNA (b) and protein (c) expression of ColI, ColIII,
and α-SMA with and without TGF-β1. d Effects of SR and SF on
TGF-β1-induced ColI and ColIII secretion in HSFs (n= 5, (a) D0: F
= 0.17, D3: F= 8.537, D7: F= 14.772, D10: F= 9.059, (b) ColI: F

= 30.996, ColIII: F= 17.197, α-SMA: F= 121.673, (c) ColI: F=
31.512, ColIII: F= 28.285, α-SMA: F= 31.747, (d) ColI: F= 5.24,
ColIII: F= 5.576; *P < 0.05, **P < 0.01, ***P < 0.001 vs. the Ctrl
group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the Ctrl+ Tβ1 group;
▲P < 0.05, ▲▲P < 0.01, ▲▲▲P < 0.001 vs. the SF+ Tβ1 group).
HSF hypertrophic scar fibroblast, TGF transforming growth factor
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SF has been reported to be degraded rapidly following
TGF-β1 stimulation. Three crucial lysine residues in SnoN
(89–92) are required for combination with Smads or
Smad3; residues 164–172, also called the destruction box
(D box), are required for interaction with a ubiquitin ligase
complex; and residues 440, 446, and 449 are necessary for
ubiquitin transfer or attachment. In addition, lysines 30 and
31 are required for the nuclear localization of SnoN. SnoN
mutants lacking lysines 30, 31, 440, 446, and 449 exhibit
impaired ubiquitination, thereby stabilizing SnoN and
enhancing its function [22, 25, 33, 44]. Our SR mutant
lacked lysines 440, 446, and 449; indeed, treatment with
TGF-β1 did not result in substantial degradation of the SR
protein, verifying previous studies. This finding could also
explain the observed differences in p-Smad2 and p-Smad3
levels. Thus, our results showed that SR was more active
and fully overexpressed, and hence, SR was superior to SF
in blocking the TGF-β1/Smad signal.

c-Ski shares regions of high homology with SnoN in its N-
terminus, which contains several structural regions critical for
protein function, explaining the high functional similarities of
SnoN and c-Ski [23]. c-Ski promotes the proliferation of
fibroblasts derived from normal rat skin and decreases ColI by
inhibiting Smad3, thereby modulating wound healing and
scar formation [18, 45]. This molecule also inhibits fibroblast-
to-myofibroblast phenoconversion in cardiac fibrosis [40].

Indeed, our results showed that SnoN accelerated the pro-
liferation of NHDFs in the absence of TGF-β1 but repressed
proliferation in the presence of TGF-β1. We postulated that
SnoN functioned similarly to c-Ski in the stimulation of
normal skin fibroblast proliferation but suppressed the pro-
liferation of myofibroblasts induced by TGF-β1 through
depression of TGF-β1/Smad signaling depending on the ratio
of NHDFs to myofibroblasts, i.e., SnoN may promote pro-
liferation when NHDFs are the predominant cell type but
inhibit proliferation when the myofibroblast phenotype is the
predominant phenotype. This hypothesis could be indirectly
proven by a previous study showing that c-Ski overexpression
led to a reduction in the number of myofibroblasts [46].
Additionally, our findings that overexpression of SnoN sup-
pressed HSF proliferation, downregulated α-SMA (a marker
of myofibroblasts), and blocked the transdifferentiation of
NHDFs also supported this hypothesis. In addition, SnoN
decreased ColI and ColIII production and secretion. Thus, our
results demonstrated that SR promoted NHDF proliferation
but suppressed myofibroblast proliferation, blocked transdif-
ferentiation of NHDFs into myofibroblasts, and decreased
ECM deposition.

TGF-β1/Smad signaling enhances proliferation, aug-
ments contractility by upregulating α-SMA [47, 48], and
induces ECM deposition by HSFs, resulting in HS forma-
tion [35, 49–51]. Consistent with these results, we found
that SnoN suppressed proliferation, contractility, and ECM
deposition by HSFs. Notably, in the presence of TGF-β1,
SF did not have substantial effects because it was degraded;
however, SR still blocked these processes. Thus, based on
our results showing that SnoN improved the appearance of
scars and prevented hyperplasia in vivo, SR could alleviate
HS formation.

SnoN affected the mRNA and protein levels of ColI,
ColIII, and α-SMA in HSFs, but not in NHDFs, in the
absence of TGF-β1. This finding could be explained by the
high levels of Smad2 and Smad3 phosphorylation in HSFs
and the absence of Smad2 and Smad3 phosphorylation in
NHDFs. Additionally, in the presence of TGF-β1, SF did
not effectively block ColIII expression compared with its
effects on ColI expression. There are three possible expla-
nations for this observation: (1) SF was degraded by TGF-
β1 stimulation; (2) ColIII is expressed at higher levels than
ColI during wound healing and scar maturation [52], and
(3) c-Ski has been shown to have a preference for ColI
[45, 46].

Additionally, retaining SnoN in the cytoplasm has been
shown to repress TGF-β1-induced transcription of target
genes in Hep3B cells and growth arrest in Ba/F3 cells,
similar to SR in our study [33]. Thus, further studies are
required to determine whether sequestering SnoN in the
cytoplasm may also potently repress TGF-β1/Smad signal-
ing and affect fibrosis.

Fig. 5 SR attenuated hypertrophy and collagen deposition in rabbit ear
scars. a Representative photographs of rabbit ear scars in each group
on days 20, 30, and 40 after wounding. b Immunofluorescence
staining for Ki67 in paraffin sections of scar tissues. DAPI was used
for nuclear counterstaining. Scale bar= 20 µm. c Immunohisto-
fluorescence staining of SnoN (red) and α-SMA (green) in rabbit ear
scar paraffin sections on day 40 post injury. DAPI was used for nuclear
counterstaining (blue). Scale bar= 100 µm. d SnoN mRNA expression
in rabbit ear scar on day 20 (D20), day 30 (D30), and day 40 (D40)
post injury. mRNA and protein levels in the Ctrl group were nor-
malized to those at 1. Data are expressed as fold changes. Values are
means ± SEMs (n= 5; *P < 0.05, **P < 0.01, ***P < 0.001 vs. the
Ctrl group on D20 in vivo; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the
Ctrl group on D30 in vivo; ▲P < 0.05, ▲▲P < 0.01, ▲▲▲P < 0.001
vs. the Ctrl group on D40 in vivo). e Rabbit ear scars were evaluated
by the Vancouver scar scale (VSS). The effects of SR and SF on the
VSS of scars were evaluated. Values are means ± SEMs (n= 24; *P <
0.05, **P < 0.01, ***P < 0.001 compared with the Ctrl group
breadthwise or vs. D20 lengthwise; #P < 0.05 compared with the SF
group breadthwise). Hypertrophy of scars was evaluated using the scar
elevation index (SEI), which was similar to the VSS. Values are
means ± SEMs (n= 24; *P < 0.05, **P < 0.01, ***P < 0.001 com-
pared with the Ctrl group breadthwise or D20 lengthwise; #P < 0.05
compared with the SF group breadthwise). f Masson staining of rabbit
ear scar paraffin sections on D20, D30, and D40 post injury, illus-
trating the effects of SR and SF on collagen (green) content and
arrangement, Scale bar= 20 µm. g Effects of SR and SF on protein
and mRNA expression of ColI, ColIII, and α-SMA on D20, D30, and
D40 in rabbit ear scars. Values are means ± SEMs (n= 6; **P < 0.01,
***P < 0.001 compared with the Ctrl group on D20; #P < 0.05, ##P <
0.01, ###P < 0.001 compared with the Ctrl group on D30. ▲P < 0.05,
▲▲P < 0.01 compared with the SF group on D30)
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In conclusion, we demonstrated that overexpression of
SR inhibited the transdifferentiation of fibroblasts into
myofibroblasts, suppressed the proliferation of HSFs, and
reduced collagen deposition and arrangement, thereby
attenuating scar hypertrophy. The mechanism was thought
to involve amplification of SnoN function in TGF-β1/Smad
signaling due to impairment of degradation. Thus, this
primary study on SR revealed its potential therapeutic value
for preventing HS formation. In the future, we may
demonstrate more sufficiently the role of SnoN by knock-
down analysis, which was absent in the study.

Materials and methods

Cell culture and treatment

HSs and surrounding normal skin samples were collected
from five patients (two men and three women; age range:
18–46 years). All patients received no treatment before HS
revision surgery and signed written consent to donate their
tissue specimens. The sample collection protocol was
approved by the Ethics Committee of Affiliated Putuo
Hospital of Shanghai University of Traditional Chinese
Medicine, Shanghai, China. Samples were packaged in
gauze saturated with physiological saline and placed into
sterile gloves on ice. Immediately after receipt, samples
were trimmed of excessive epidermis and adipose tissues,
rinsed with phosphate buffer saline (PBS) three times, cut
into pieces, and incubated with DMEM (Gibco, Grand
Island, NY, USA) containing 0.1% collagenase type I
(Sigma, St. Louis, MO, USA) at 37 °C for 4 h to dissociate
fibroblasts. Isolated cells were then cultured with DMEM
containing 10% fetal calf serum (Gibco), 1% penicillin, and
1% streptomycin at 37 °C in a humidified atmosphere of 5%
CO2. Fibroblasts were used at passages 3–6.

Construction, identification, and transfection of the
SnoN lentivirus overexpression plasmid

The overexpressed SnoN lentivirus plasmid was constructed
and identified by GeneChem (Shanghai, China). The coding
sequences of human SF and SR were amplified by RT-PCR
using the following primers: SF (forward) 5′-GAGGATCC
CCGGGTACCGGTCGCCACCATGGAAAACCTCCAG
ACAAATTTC-3′ and (reverse), 5′-TCCTTGTAGTCCAT
ACCTTCTTTAGCAGTCTTTGATGATTTC-3′; SnoN-M
(forward), 5′-GAGGATCCCCGGGTACCGGTCGCCACC
ATGGAAAACCTCCAGACAAATTTC-3′ and (reverse),
5′-TCCTTGTAGTCCATACCCTTGGATTGATTTCTCT
TTCC-3′. Using the restriction enzyme AgeI, the PCR
products were embedded into the pGV-LV vector and then
transformed into DH5α competent cells. Positive

transformants containing the correct coding sequence were
selected by PCR and cultured at 37 °C for 16 h. Green
fluorescent protein (GFP) was fused to the N-terminus of SF
and SR. Using 100 μL Lipofectamine 2000, 293T cells were
cotransfected with 20 μg pGC-LV plasmid, 15 μg pHelper
1.0 plasmid, and 10 μg pHelper 2.0 plasmid to generate the
recombinant lentiviruses LV-GFP-SF and LV-GFP-SR. The
recombinant virus was harvested and quantified. An empty
lentivirus plasmid carrying no specific gene fragment, e.g.,
LV-GFP, was used as the vehicle (Vec).

Cells reaching approximately 30% confluence were
transfected with 107 TU/mL LV-GFP-SF (the SF group),
LV-GFP-SR (the SR group), or LV-GFP (the vector group)
diluted with 50 µg/mL polybrene (P.E.) in enhanced infection
solution (Eni.s.) or 50 µg/mL P.E. in Eni.s. only (control
group). The medium was replaced by DMEM with or
without TGF-β1 (5 ng/mL) 12 h later. Forty-eight hours later,
transfection was confirmed by visualizing GFP fluorescence.

RT-qPCR

Total RNA was purified and extracted using a MiniBEST
Universal RNA Extraction Kit (TaKaRa, Japan). RNA was
then converted to cDNA with a Prime Script RT Master Kit
(Perfect Real Time; TaKaRa). In brief, 2 µL of 5× Perfect
Real Time, together with 500 ng total RNA, was combined
with RNA-free double distilled water to 10 µL. The reaction
conditions were 37 °C for 15 min, 85 °C for 5 s, and 4 °C.
The resulting cDNA was then amplified using a Vii ATM7
Real-Time PCR system (Bio-Rad, USA) with a SYBR
Premix Ex Taq Kit (Tli RNaseH Plus; Takara) with the
primers shown in Table S1 [14]. The GAPDH gene served
as an internal control. The PCR protocol was as follows:
initial denaturation at 95 °C for 30 s, followed by 45 cycles
of 95 °C for 5 s and 60 °C for 30 s. The relative expression
of target genes was determined by the cycle threshold (Ct)
at which the specific fluorescence became detectable. The
Ct value was used for kinetic analysis and was proportional
to the initial number of target copies in the sample. The RT-
qPCR data were exported and processed using the ΔΔCT
method.

Western blotting

Western blotting was performed as previously described
[53]. Briefly, the cells or sheared scar tissues were collected
and lysed with 1× RIPA lysis buffer on ice for 10–15min,
followed by centrifugation at 12,000 rpm for 10min at 4 °C.
Protein quantification was performed using bicinchoninic
acid (BCA) assays. Twenty micrograms of total protein was
subjected to SDS-PAGE and then transferred onto poly-
vinylidene difluoride membranes (Millipore, USA). After
blocking with 5% nonfat milk, the membranes were
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incubated with specific primary antibodies as shown in
Table S2 at 4 °C overnight. Membranes were then washed
three times with Tris-buffered saline with 0.1% Tween-20
and incubated with horseradish peroxidase (HRP)-con-
jugated secondary antibodies at 37 °C for 2 h. Immunor-
eactive bands were detected with a Chemiluminescent HRP
Substrate ECL kit (Millipore). The density of each protein
band on the membrane was scanned using an Alpha Imager
scanner (Alpha Innotech, San Jose, CA, USA) and analyzed
with AlphaEase FC image processing software (Alpha
Innotech). GAPDH was used to ensure equal protein loading.

Degradation assays for SnoN

To investigate the degradation activity of SnoN, we con-
ducted in vitro degradation assays for endogenous SnoN in
NHDF and HSF lysates. Mixtures of cell lysates (15 µg) in
15 µL (50 mM Tris-HCl [pH 8.3], 5 mM MgCl2, 2 mM
dithiothreitol, 5 mM adenosine-50-triphosphate, 2 mg/mL
ubiquitin) were incubated for 24 h at 37 °C. After incuba-
tion, each sample was subjected to SDS-PAGE, followed by
immunoblot analysis with anti-SnoN antibodies(27) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA).

Cellular immunofluorescence

Briefly, 300 µL NHDF and HSF suspensions (1000 cells/mL)
were seeded in 35-mm glass-bottomed plates overnight, and
cells were then treated with or without 5 ng/mL TGF-β1 for
24 h. Cells were fixed with 1 mL of 4% paraformaldehyde
for 15 min, permeabilized with 0.1% Triton X-100 for
15 min, and blocked by 1% Albumin from bovine serum
(BSA) in PBS for 30 min. Rabbit polyclonal anti-SnoN
antibodies (Abcam, USA) diluted at 20 µg/mL were added
overnight, followed by incubation with Alexa Fluor 647
(Abcam) secondary antibodies (1:250 dilution) at 37 °C for
30 min. Finally, cells were mounted using antifade fluor-
escence mounting medium with 4',6-diamidino-2-pheny-
lindole (DAPI) (HelixGen, Guangzhou, China).

Fibroblast proliferation assays

Cell proliferation was quantified using CCK-8 assays
(Dojindo, Japan). Briefly, cells from five donors were seeded
at 3 × 103 cells/well in 96-well plates and transfected with
LV-GFP-SF, LV-GFP-SR, empty lentivirus plasmid (vector),
or nothing (control). After 48 h, the medium was replaced
with dulbecco's modified eagle medium dulbecco's modified
eagle medium (DMEM) with or without 5 ng/mL TGF-β1
(R&D Systems, USA). The medium was refreshed every
2 days. On days 3, 7, and 10, 10% CCK-8 solution in 100 µL
DMEM was added to each well. Two hours later, the
absorbance was recorded at 450 nm.

ELISA

To determine ColI and ColIII production in the culture fluid
of fibroblasts after transfection, the medium was collected
from day 5 to day 7 during the experimental period. The
samples were subjected to ELISAs using human collagen
type I and III ELISA kits (BlueGene, Shanghai, China).
Absorbance was recorded at 450 nm using a spectro-
photometer (Bio-Rad), and concentrations were determined
using a standard curve. All measurements were performed
in triplicate, and data are expressed in µg/mL.

Rabbit ear scar model

To evaluate the outcomes of treatment in vivo, we used a
chronic rabbit ear scarring model, as established by Morris
et al., with minor modifications [37]. In brief, 36 adult New
Zealand white rabbits weighing 2–2.5 kg each (50% male/
50% female; Songlian Experimental Animal Institute,
Songjiang District, Shanghai) were acclimated and housed
under a 12-h light/12-h dark cycle with free access to water
and food. All surgical approaches and procedures were
approved by the Institutional Ethical Committee of Shang-
hai University of Traditional Chinese Medicine. Rabbits
were anesthetized with xylazine (5 mg/kg) and prepared for
wounding under sterile conditions. Four 1-cm full-thickness
skin-defect wounds with removal of the perichondrium
were created on the ventral side of each ear. The wounds
were then covered with sterile gauze for 1 day. On day 7,
the 288 wounds were randomly divided into four groups
based on the ear, and each was injected with 20 μL of 2 ×
108 TU/mL LV-GFP-SF (SF group), LV-GFP-SR (SR
group), or LV-GFP (vector group) in normal saline.
Wounds in the control group were not treated. The treat-
ment was repeated 1 week later to enhance the transfection
efficiency. The scars were evaluated by VSS [14] on days
20, 30, and 40 after surgery. The evaluation criteria for VSS
included pliability, height, vascularity, and pigmentation
(Supplementary Table s3). Animals were then sacrificed to
collect scar specimens. Hypertrophy of the dermis was
evaluated using the SEI [14]. Scar specimens were also
prepared as 5-µm-thick paraffin sections for immuno-
fluorescence staining.

Masson staining

Scar tissues were excised in situ from sacrificed rabbits on
days 20, 30 and 40, fixed with 10% formalin, embedded in
paraffin, sectioned at 5-µm thickness onto glass slides, and
stained using a Masson Trichrome Staining kit (Showbio
Biotech, China). Scars were examined for the expression
and arrangement of collagen fibers under an FSX100
microscope (Olympus, Shinjuku-ku, Tokyo, Japan).
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Immunohistofluorescence staining

Rabbit ear scars were excised on days 20, 30, and 40,
embedded in paraffin, and cut into 4-µm-thick sections for
immunofluorescence staining. Sections were deparaffinized,
dehydrated, and subjected to antigen retrieval. Sections
were then incubated with anti-Ki67 (Abcam), anti-α-SMA
(Sigma), or anti-SnoN (Santa Cruz Biotechnology) primary
antibodies overnight incubated at 4 °C. Sections were then
incubated with Alexa Fluor 488 goat anti-rabbit IgG H&L
and Cy3-conjugated goat anti-rabbit IgG H&L secondary
antibodies at 37 °C for 1 h. DAPI was used for nuclear
staining.

Statistical analyses

All values are expressed as the mean ± standard error of the
mean (SEM). Differences between groups were examined
for statistical significance using analysis of variance. When
a significant difference was found, further statistical analy-
sis was performed using least significant difference t tests
between the two groups. P values of less than 0.05 denoted
statistically significant differences.

Acknowledgements This work was supported by Shanghai Putuo
District of Scientific Innovation Project for Senior Talents (grant no.
PT-2014-A-24), Shanghai Municipal Commission of Health and
Family Planning Project (2016JP006), Key Medical Discipline Project
of Shanghai Putuo District and Program of Experts for Overseas TCM
Center, Yuying project of Putuo Hospital (2016219A).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Gauglitz GG, Korting HC, Pavicic T, Ruzicka T, Jeschke MG.
Hypertrophic scarring and keloids: pathomechanisms and current
and emerging treatment strategies. Mol Med. 2011;17:113.

2. Zhu Z, Ding J, Shankowsky HA, Tredget EE. The molecular
mechanism of hypertrophic scar. J Cell Commun Signal.
2013;7:239–52.

3. Li B, Wang JH-C. Fibroblasts and myofibroblasts in wound
healing: force generation and measurement. J Tissue Viability.
2011;20:108–20.

4. Rönty MJ, Leivonen S-K, Hinz B, Rachlin A, Otey CA, Kähäri V-
M, et al. Isoform-specific regulation of the actin-organizing pro-
tein palladin during TGF-β1-induced myofibroblast differentia-
tion. J Investi Dermatol. 2006;126:2387–96.

5. Leask A, Abraham DJ. TGF-β signaling and the fibrotic response.
FASEB J. 2004;18:816–27.

6. Yano H, Hamanaka R, Nakamura M, Sumiyoshi H, Matsuo N,
Yoshioka H. Smad, but not MAPK, pathway mediates the

expression of type I collagen in radiation induced fibrosis. Bio-
chem Biophys Res Commun. 2012;418:457–63.

7. Tanriverdi-Akhisaroglu S, Menderes A, Oktay G. Matrix
metalloproteinase-2 and -9 activities in human keloids, hyper-
trophic and atrophic scars: a pilot study. Cell Biochem Funct.
2009;27:81–7.

8. Singer AJ, Huang SS, Huang JS, McClain SA, Romanov A,
Rooney J, et al. A novel TGF-beta antagonist speeds reepithe-
lialization and reduces scarring of partial thickness porcine burns.
J Burn Care Res. 2009;30:329–34.

9. Lu L, Saulis AS, Liu WR, Roy NK, Chao JD, Ledbetter S, et al.
The temporal effects of anti-TGF-beta1, 2, and 3 monoclonal
antibody on wound healing and hypertrophic scar formation. J Am
Coll Surg. 2005;201:391–7.

10. Valluru M, Staton CA, Reed MWR, Brown NJ. Transforming
growth factor-β and endoglin signaling orchestrate wound healing.
Front Physiol. 2011;2:12.

11. Penn JW, Grobbelaar AO, Rolfe KJ. The role of the TGF-beta
family in wound healing, burns and scarring: a review. Int J Burns
Trauma. 2012;2:18–28.

12. Chu Y, Guo F, Li Y, Li X, Zhou T, Guo Y. A novel truncated
TGF-β receptor II downregulates collagen synthesis and TGF-β I
secretion of keloid fibroblasts. Connect Tissue Res. 2008;49:92–8.

13. Reid RR, Roy N, Mogford JE, Zimmerman H, Lee C, Mustoe TA.
Reduction of hypertrophic scar via retroviral delivery of a domi-
nant negative TGF-β receptor II. J Plast, Reconstr Aesthetic Surg.
2007;60:64–72.

14. Wang Y-W, Liou N-H, Cherng J-H, Chang S-J, Ma K-H, Fu E,
et al. siRNA-targeting transforming growth factor-β type I
receptor reduces wound scarring and extracellular matrix deposi-
tion of scar tissue. J Invest Dermatol. 2014;134:1–10.

15. Goumans MJ, Valdimarsdottir G, Itoh S, Rosendahl A, Sideras P,
ten Dijke P. Balancing the activation state of the endothelium via
two distinct TGF-β type I receptors. EMBO J. 2002;21:1743–53.

16. Goumans M-J, Valdimarsdottir G, Itoh S, Lebrin F, Larsson J,
Mummery C, et al. Activin receptor-like kinase (ALK) 1 is an
antagonistic mediator of lateral TGFβ/ALK5 signaling. Mol Cell.
2003;12:817–28.

17. Evans RA, Tian YC, Steadman R, Phillips AO. TGF-β1-mediated
fibroblast–myofibroblast terminal differentiation—the role of
smad proteins. Exp Cell Res. 2003;282:90–100.

18. Li P, Liu P, Xiong RP, Chen XY, Zhao Y, Lu WP, et al. Ski, a
modulator of wound healing and scar formation in the rat skin and
rabbit ear. J Pathol. 2011;223:659–71.

19. Lee JW, Tutela JP, Zoumalan RA, Thanik VD, Nguyen PD,
Varjabedian L, et al. Inhibition of Smad3 expression in radiation-
induced fibrosis using a novel method for topical transcutaneous
gene therapy. Arch Otolaryngol—Head Neck Surg.
2010;136:714–9.

20. Katzel EB, Wolenski M, Loiselle AE, Basile P, Flick LM,
Langstein HN, et al. Impact of Smad3 loss of function on scarring
and adhesion formation during tendon healing. J Orthop Res.
2011;29:684–93.

21. Kopp J, Preis E, Said H, Hafemann B, Wickert L, Gressner AM,
et al. Abrogation of transforming growth factor-β signaling by
SMAD7 inhibits collagen gel contraction of human dermal
fibroblasts. J Biol Chem. 2005;280:21570–6.

22. Stroschein SL, Wang W, Zhou S, Zhou Q, Luo K. Negative
feedback regulation of TGF-β signaling by the SnoN oncoprotein.
Science. 1999;286:771–4.

23. Deheuninck J, Luo K. Ski and SnoN, potent negative regulators of
TGF-β signaling. Cell Res. 2009;19:47–57.

24. Bonni S, Wang H-R, Causing CG, Kavsak P, Stroschein SL, Luo
K, et al. TGF-β induces assembly of a Smad2–Smurf2 ubiquitin
ligase complex that targets SnoN for degradation. Nat Cell Biol.
2001;3:587–95.

1872 Gui-fang Sun et al.



25. Stroschein SL, Bonni S, Wrana JL, Luo K. Smad3 recruits the
anaphase-promoting complex for ubiquitination and degradation
of SnoN. Genes Dev. 2001;15:2822–36.

26. Nagano Y, Mavrakis KJ, Lee KL, Fujii T, Koinuma D, Sase H,
et al. Arkadia induces degradation of SnoN and c-Ski to enhance
transforming growth factor-β signaling. J Biol Chem. 2007;282:
20492–501.

27. Fukasawa H, Yamamoto T, Togawa A, Ohashi N, Fujigaki Y,
Oda T, et al. Ubiquitin-dependent degradation of SnoN and Ski is
increased in renal fibrosis induced by obstructive injury. Kidney
Int. 2006;69:1733–40.

28. Tan R, Zhang J, Tan X, Zhang X, Yang J, Liu Y. Downregulation
of SnoN expression in obstructive nephropathy is mediated by an
enhanced ubiquitin-dependent degradation. J Am Soc Nephrol.
2006;17:2781–91.

29. Huang W, Yang C, Nan Q, Gao C, Feng H, Gou F, et al. The
proteasome inhibitor, MG132, attenuates diabetic nephropathy by
inhibiting SnoN degradation In vivo and in vitro. BioMed Res Int.
2014;2014:684765.

30. Chen J, Zeng T, Zhao X, Xiea K, Bi Y, Zhong Z, et al. Doc-
osahexaenoic acid (DHA) ameliorates paraquat-induced pulmon-
ary fibrosis in rats possibly through up-regulation of Smad 7 and
SnoN. Food Chem Toxicol. 2013;57:330–7.

31. Cai Y, Shen XZ, Zhou CH, Wang JY. Abnormal expression of
Smurf2 during the process of rat liver fibrosis. Chin J Dig Dis.
2006;7:237–45.

32. Kishore R, Verma SK, Mackie AR, Vaughan EE, Abramova TV,
Aiko I, et al. Bone marrow progenitor cell therapy-mediated
paracrine regulation of cardiac miRNA-155 modulates fibrotic
response in diabetic hearts. PLoS ONE. 2013;8:e60161.

33. Cunnington RH, Nazari M, Dixon IM. c-Ski, Smurf2, and Arkadia as
regulators of TGF-β signaling: new targets for managing myofibro-
blast function and cardiac fibrosis This article is one of a selection of
papers published in a special issue celebrating the 125th anniversary
of the Faculty of Medicine at the University of Manitoba. Canadian
journal of physiology and pharmacology 2009;87:764–72.

34. Shi HX, Lin C, Lin BB, et al. The anti-scar effects of basic
fibroblast growth factor on the wound repair in vitro and in vivo.
PLoS One, 2013;8:e59966.

35. Morris D, Wu L, Zhao L, Bolton L, Roth S, Ladin D, et al. Acute
and chronic animal models for excessive dermal scarring: quan-
titative studies. Plast Reconstr Surg. 1997;100:674–81.

36. Krakowski AR, Laboureau J, Mauviel A, Bissell MJ, Luo K.
Cytoplasmic SnoN in normal tissues and nonmalignant cells
antagonizes TGF-β signaling by sequestration of the Smad pro-
teins. Proc Natl Acad Sci USA. 2005;102:12437–42.

37. Yang J, Zhang X, Li Y, Liu Y. Downregulation of Smad tran-
scriptional corepressors SnoN and Ski in the fibrotic kidney: an
amplification mechanism for TGF-β1 signaling. J Am Soc
Nephrol. 2003;14:3167–77.

38. Profyris C, Tziotzios C, Do Vale I. Cutaneous scarring: patho-
physiology, molecular mechanisms, and scar reduction

therapeutics: Part I. The molecular basis of scar formation. J Am
Acad Dermatol. 2012;66:1–10.

39. Zeglinski MR, Hnatowich M, Jassal DS, Dixon IM. SnoN as a
novel negative regulator of TGF-β/Smad signaling: a target for
tailoring organ fibrosis. Am J Physiol—Heart Circ Physiol.
2015;308:H75–H82.

40. Ashcroft GS, Yang X, Glick AB, et al. Mice lacking Smad3 show
accelerated wound healing and an impaired local inflammatory
response. Nat Cell Biol, 1999;1:260–6.

41. Cunnington RH, Northcott JM, Ghavami S, Filomeno KL, Jahan
F, Kavosh MS, et al. The Ski-Zeb2-Meox2 pathway provides a
novel mechanism for regulation of the cardiac myofibroblast
phenotype. J Cell Sci. 2014;127:40–9.

42. Chia JA, Simms LA, Cozzi SJ, Young J, Jass JR, Walsh MD,
et al. SnoN expression is differently regulated in microsatellite
unstable compared with microsatellite stable colorectal cancers.
BMC Cancer. 2006;6:252.

43. Zhang X, Egawa K, Xie Y, Ihn H. The expression of SnoN in
normal human skin and cutaneous keratinous neoplasms. Int J
Dermatol. 2009;48:579–83.

44. Xu J, Lamouille S, Derynck R. TGF-β-induced epithelial to
mesenchymal transition. Cell Res. 2009;19:156–72.

45. Tsuneyoshi N, Tan EK, Sadasivam A, Poobalan Y, Sumi T,
Nakatsuji N, et al. The SMAD2/3 corepressor SNON maintains
pluripotency through selective repression of mesendodermal
genes in human ES cells. Genes Dev. 2012;26:2471–6.

46. Liu X, Li P, Chen XY, Zhou YG. c-Ski promotes skin fibroblast
proliferation but decreases type I collagen: implications for
wound healing and scar formation. Clin Exp Dermatol. 2010;
35:417–24.

47. Cunnington RH, Wang B, Ghavami S, Bathe KL, Rattan SG,
Dixon IM. Antifibrotic properties of c-Ski and its regulation of
cardiac myofibroblast phenotype and contractility. Am J Physiol
Cell Physiol. 2011;300:C176–86.

48. Cui Q, Fu S, Li Z. Hepatocyte growth factor inhibits TGF-beta1-
induced myofibroblast differentiation in tendon fibroblasts: role of
AMPK signaling pathway. J Physiol Sci. 2013;63:163–70.

49. Liu X, Wen FQ, Kobayashi T, Abe S, Fang Q, Piek E, et al.
Smad3 mediates the TGF-β-induced contraction of type I collagen
gels by mouse embryo fibroblasts. Cell Motil Cytoskeleton.
2003;54:248–53.

50. Cutroneo KR. TGF-β-induced fibrosis and SMAD signaling: oligo
decoys as natural therapeutics for inhibition of tissue fibrosis and
scarring. Wound Repair Regen. 2007;15:S54–S60.

51. Abdou AG, Maraee AH, Al-Bara AM, Diab WM. Immunohis-
tochemical expression of TGF-β1 in keloids and hypertrophic
scars. Am J Dermatopathol. 2011;33:84–91.

52. Arno AI, Gauglitz GG, Barret JP, Jeschke MG. New molecular
medicine-based scar management strategies. Burns 2014;40:
539–51.

53. Widgerow AD. Current concepts in scar evolution and control.
Aesthetic Plast Surg. 2011;35:628–35.

SnoN residue (1–366) attenuates hypertrophic scars through resistance to transforming growth. . . 1873


	SnoN residue (1–nobreak366) attenuates hypertrophic scars through resistance to transforming growth factor-β1-induced degradation
	Abstract
	Introduction
	Results
	Downregulation of SnoN protein expression in HS fibroblasts (HSFs) by ubiquitin-dependent degradation
	Lentivirus-mediated overexpression of SnoN
	Effects of SnoN on proliferation, transdifferentiation, and ECM production in NHDFs
	Effects of SnoN on proliferation and ECM production in HSFs
	Effects of SnoN on hyperplasia and ECM deposition in rabbit ear scars

	Discussion
	Materials and methods
	Cell culture and treatment
	Construction, identification, and transfection of the SnoN lentivirus overexpression plasmid
	RT-qPCR
	Western blotting
	Degradation assays for SnoN
	Cellular immunofluorescence
	Fibroblast proliferation assays
	ELISA
	Rabbit ear scar model
	Masson staining
	Immunohistofluorescence staining
	Statistical analyses
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




