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Wound healing is a process of cutaneous barrier reconstruction that occurs after skin injury and involves
diverse cytokines and cell types. Similar to several deubiquitinating enzymes, ubiquitin-specific pro-
tease 15 (USP15) can remove ubiquitin chains from specific proteins to rescue them from degradation.
However, the regulatory role of USP15 in wound healing remains unclear. We investigated the dynamic
function of USP15 in wound healing. First, in USP15 knockout mice, we observed a significant delay in
wound closure. In addition, inhibition of cell proliferation and migration was observed in USP15-
silenced human dermal fibroblasts. Through RNA sequencing, it was revealed that the transforming
growth factor-b (TGF-b) pathway was suppressed after USP15 knockdown. Furthermore, coimmuno-
precipitation demonstrated that USP15 could interact with TGF-b receptor I and promote its deubi-
quitination, thereby maintaining TGF-b signaling pathway activity by enhancing TGF-b receptor I
stability. These observations shed light on the function and mechanisms of USP15-mediated modula-
tion of the TGF-b signaling pathway during wound healing, thus providing a novel potential target for
the treatment of refractory wounds. (Am J Pathol 2019, 189: 1351e1362; https://doi.org/10.1016/
j.ajpath.2019.03.005)
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Wound healing is an intricate and complicated process
that occurs after tissue injury and involves reciprocal
actions and reactions among diverse cells, growth factors,
cytokines, and extracellular matrix (ECM) components.1

This process relies on the appropriate coordination of
multiple cell types in the dermal layer, such as fibroblasts,
immune cells, and epidermal cells, including keratino-
cytes.2 During the three distinct but overlapping phases of
wound healing (inflammation, proliferation, and tissue
remodeling), dermal fibroblasts play a critical role by
secreting cytokines that mediate cellular communication.3

Dermal fibroblasts participate in ECM deposition and
function by regulating the dynamic interplay among cell
types from distinct sources at the same time.4 Therefore,
dermal fibroblasts play a key role in the process of skin
wound repair.
stigative Pathology. Published by Elsevier Inc
Among the various growth factors involved in both wound
healing and fibroblast function, transforming growth factor
b1 (TGF-b1) is believed to play a major biological role in
these processes.5 A previous study helped elucidate the vital
role of the TGF-b signaling pathway in promoting wound
healing by regulating various cellular responses, including
cell proliferation, migration, ECM synthesis, and reepitheli-
zation.6 However, excessive amounts of TGF-b1 can also
. All rights reserved.
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Table 1 Sequence of sgRNAs Used in Establishing Usp15�/�

Mice

sgRNAs sgRNA sequence PAM

Usp15-S1 50-CCTGGACCCATCGATAACTC-30 TGG
Usp15-S2 50-AGCTGGGACAAATACCAGAT-30 GGG

PAM, protospacer adjacent motif; S1, sequence 1; S2, sequence 2; sgRNA,
single-guide RNA.
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lead to overhealing outcomes, such as hypertrophic scars or
keloid formation.7Moreover, the TGF-b signaling pathway is
known to be regulated by ubiquitin-regulated proteolysis.8

Given that human dermal fibroblasts (HDFs) are sensitive
to TGF-b1, elucidation of the specific mechanisms by which
TGF-b1 acts on HDFs during wound healing is important.

As one of the major post-translational modifications of the
TGF-b pathway in proteasome degradation, ubiquitination is
a reversible protein modification process.9 Ubiquitination
participates in diverse aspects of disease development, such
as oncogenesis and immune reactions.10 During ubiquitina-
tion, target proteins can be targeted to the proteasome, which
leads to proteolysis.11 This reversible process can be termi-
nated by deubiquitinating enzymes (DUBs) via removal of
the ubiquitin chains from targeted proteins awaiting degra-
dation,12 which involves specific cleavage of both the
ubiquitin chains and the protein substrates.13 For example,
a previous study reported that ubiquitin-specific protease 4
(USP4) and ubiquitin-specific protease 15 (USP15) can
regulate TGF-b pathway activity, which enhances the sta-
bility of ubiquitinated receptors against the negative effects
of receptor-ubiquitinating complexes.9

Specifically, USP15 can directly bind to receptor-
phosphorylated SMAD proteins and deubiquitinate TGF-b
receptor I (TBR1), thereby promoting its stability and up-
regulating the TGF-b signaling pathway.14 In addition,
USP15 participates in many pathophysiological processes
and functions in combination with interferons and E3 li-
gases, such as mouse double minute 2 (MDM2) and Kelch-
like ECH associated protein 1 (Keap1), thereby regulating
neuroinflammation, T-cell activation, and antioxidant
responses.15e17 Previous studies have also emphasized the
potential functions of USP15 in the maintenance of the
TGF-b signaling pathway9; however, the regulatory role of
USP15 in wound repair remains unclear.

Herein, we first investigated the regulatory role of USP15
in wound rehabilitation via USP15 knockout (KO) mice.
USP15 promoted HDF proliferation and migration. More-
over, USP15 could deubiquitinate and stabilize TBR1,
thereby maintaining TGF-b levels. Our study conclusively
identifies a novel mechanism in which USP15 regulates
TGF-beguided wound repair and provides alternative
therapeutic targets for wound healing.

Materials and Methods

Animal Model

All animals were cared for and used in accordance with the
appropriate guidelines. The protocol received ethical
approval from the Independent Ethics Committee of
Shanghai Ninth People’s Hospital (Shanghai, China).
USP15 KO mice were purchased from Nanjing Biomedical
Research Institute of Nanjing University (Nanjing, China).
The single-guide RNA sequences used to establish the
USP15 KO mice are listed in Table 1.
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USP15 KO and wild-type (WT) mice with a C57BL/6
background were bred under specific pathogen-free condi-
tions. Genotypes were confirmed by native PAGE. Both the
USP15 KO and WT groups included eight female and six
male mice. Mice, aged 8 to 10 weeks, were anesthetized by
i.p. injection, sterilized with alcohol, and shaved at the
dorsum. Two 5-mmediameter full-thickness cutaneous
wounds were generated by a biopsy punch on both sides
along the midline of the mouse. The wound area was
measured from day 1 to day 7 using ImageJ software
version 1.50i (NIH, Bethesda, MD; http://imagej.nih.gov/ij)
in a blinded manner (C.H.). The qualitative data were
measured and quantified by another investigator who was
not the experiment operator (Y.Z.). Wounded tissue
specimens were collected on the appropriate days after injury
and fixed in 4% paraformaldehyde for embedding in paraffin.

Histology, Immunohistochemistry, and
Immunofluorescence

Wounded skin tissue sections, embedded in paraffin, were
stained with hematoxylin and eosin or Masson trichrome,
as previously described.18 Epithelial thickness and epithe-
lial gaps were measured from hematoxylin and
eosinestained slides using ImageJ software. For the
immunofluorescence assay, fibroblasts growing on slides
were fixed in 4% paraformaldehyde for 10 minutes at room
temperature. After the cells were washed in phosphate-
buffered saline, they were treated with primary antibodies
specific for USP15 (dilution 1:200; 14354-1-AP; Pro-
teintech, Rosemont, IL) and SMAD7 (dilution 1:50;
sc101152; Santa Cruz Biotechnology, Dallas, TX) at 4�C
overnight. Fluorescein isothiocyanatee and Alexa Fluor
546econjugated secondary antibodies (dilution 1:200;
A24538 and A10036, respectively; Invitrogen, Waltham,
MA) were used to detect the primary antibodies. Then,
DAPI was used for nuclear counterstaining. Images were
captured and analyzed using NIS-Elements BR software
version 4.50.00 (Nikon, Tokyo, Japan) on a Nikon Eclipse-
Ni-U microscope (Nikon).

TGF-b1 Enzyme-Linked Immunosorbent Assay of
Peripheral Blood

Peripheral blood from USP15þ/þ and USP15�/� mice was
collected from the posterior orbital veniplex. Serum was
ajp.amjpathol.org - The American Journal of Pathology
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Table 3 Primers Used for qPCR

Gene Sequence

Usp15 F: 50-ACGTTGCTGTGAGGACCAGA-30

R: 50-GCTCTTGATCCTGGCTGGAC-30

USP15 F: 50-AAAACCTCGCTCCGGAAAGG-30

R: 50-CCACCTTTCGTGCTATTGG-30

Tgfb1 F: 50-GCAACAATTCCTGGCGTTACCTTG-30

R: 50-CCTGTATTCCGTCTCCTTGGTTCAG-30

TGFB1 F: 50-AGAACTTCCAACTACTGGCCC-30

R: 50-TTCTTCTCCCCGCCACTTTC-30

Tbr1 F: 50-CATTGCTGGTCCAGTCTGCTTCG-30

R: 50-TGGTGAATGACAGTGCGGTTATGG-30

SERPINE1 F: 50-TCCACAAATCAGACGGCAGC-30

R: 50-ATGATGATCTCCTCGGGGGC-30

Gapdh F: 50-TGTGAACGGATTTGGCCGTA-30

R: 50-GTCTCGCTCCTGGAAGATGG-30

GAPDH F: 50-GGGAAGGTGAAGGTCGGAGT-30

R: 50-GGGGTCATTGATGGCAACA-30

F, forward; qPCR, quantitative real-time PCR; R, reverse.

USP15 Promotes Wound Healing
obtained after centrifugation at 8000 � g for 15 minutes.
A total of 40 mL of clear serum per sample was assayed
using a TGF-b1 enzyme-linked immunosorbent assay kit
(KE10005; Proteintech), according to the manufacturer’s
instructions.

Cell Culture

HDFs originating from neonatal foreskin were purchased
from the Stem Cell Bank of the Chinese Academy of Sci-
ences (Beijing, China). The cells were cultured in a humid-
ified atmosphere at 37�C with 5% CO2 using Dulbecco’s
modified Eagle’s medium/high glucose (Gibco, Waltham,
MA) with 10% fetal bovine serum (Gibco) and 1% penicillin
(100 U/L)estreptomycin (100 mg/L) (Gibco). The cells were
transfected with lentivirus at the third passage after resusci-
tation. Stable USP15-silenced cells were established at the
fifth passage. Further experiments were performed between
the sixth and eighth passages. HDFs were treated in the
absence or presence of 100 ng/mL recombinant human
TGF-b1 (240-B-002; R&D Systems, Minneapolis, MN) for
24 hours after transfection with lentivirus.

Lentivirus Transfection

The three siRNAs targeting USP15 were initially designed
in the RNA interference designer platform (Thermo Fisher
Scientific, Waltham, MA) and subsequently selected. The
RNA silencing efficiency was confirmed by real-time PCR,
and the two siRNAs with the best knockdown efficiency
were selected and cloned into the GPH vector. HEK293T
cells were used to produce lentivirus by transfecting USP15-
shRNA plasmids together with pMD2.D plasmids and
PsPax plasmids. Forty-eight hours after transfection, the
supernatant was collected and filtered for further infection.
The cells were infected at 30% to 40% confluence in the
presence of lentiviral supernatant and normal medium at a
1:1 dilution with 10 ng/mL polybrene (Sigma, St. Louis,
MO) using standard techniques. Empty GPH vector served
as a negative control. The shRNA sequences are listed in
Table 2.

Quantitative Real-Time PCR and RNA Sequencing

RNA was extracted from skin tissue and fibroblasts using
TRIzol Reagent (Invitrogen), according to the manufac-
turer’s protocols. Quantitative real-time PCR was performed
according to standard techniques. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH ) served as the
Table 2 Sequence of shRNAs Used in the Experiment

shRNA Sequence

shUSP15-1 50-GATACAGAGCACGTGATTATT-30

shUSP15-2 50-GGAATGGCCCAAATGGCATAC-30
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endogenous control. The primers are listed in Table 3. RNA
was sequenced and analyzed by Kangcheng Bio-tech Inc.
(Shanghai, China).
Western Blot Analysis

Cells grown to 80% confluence were lysed in radio-
immunoprecipitation assay buffer with protease inhibitor
cocktails (R0010 and P6730; Solarbio, Beijing, China).
Western blot analysis was performed, as previously
described.18 The following primary antibodies were used:
USP15 (dilution 1:1000; 14354-1-AP; Proteintech), serpin
family E member 1 (SERPINE1; dilution 1:1000; catalog
number 11907; Cell Signaling, Danvers, MA), TBR1
(dilution 1:1000; 20932-1-Ap; Proteintech), SMAD2/3
(dilution 1:1000; catalog number 5678; Cell Signaling),
phosphorylated SMAD2/3 (dilution 1:500; sc11769; Santa
Cruz Biotechnology), SMAD7 (dilution 1:500; sc101152;
Santa Cruz Biotechnology), SMAD1/5 (dilution 1:1000;
catalog number 12656; Cell Signaling), SMAD4 (dilution
1:1000; catalog number 38454; Cell Signaling), and ubiq-
uitin (dilution 1:1000; catalog number ab19247; Abcam,
Cambridge, UK). Horseradish peroxidaseeconjugated sec-
ondary antibody was detected by electrochemiluminescence
reagent (catalog number PE0020; Solarbio). Band signals
were visualized using an Amersham Imager 600 (General
Electric Company, Boston, MA).
Cell Counting Kit-8 Assay

Cell proliferation was determined by Cell Counting Kit-8
(Dojindo, Tokyo, Japan). Cells transfected with shRNAs
were seeded in 96-well plates at a density of 3 � 103 cells
per well, and Cell Counting Kit-8 solution was added on
days 0, 1, 3, and 5 to measure the OD at 450 nm.
1353
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Every experiment was repeated independently at least three
times.

Scratch Assay

For cell migration analysis, a scratch assay was used to
imitate the wound closure process. Plated fibroblasts were
grown to confluence in 6-well plates and serum starved for
24 hours before scratching. A scratch was made through the
diameter of each well using plastic pipette tips. Images were
taken using a Nikon Eclipse-Ti-S microscope (Nikon). The
width between the two edges of the scratch was measured
using ImageJ software. The measurement was performed in
a blinded manner (C.H.), and the investigator (Y.Z.)
measured the gap without knowing which treatment group
was being analyzed.

Transwell Assay

Transwell assays were performed using hanging cell culture
inserts (8-mm pore size; Millipore, Burlington, MA) in
24-well plates. A total of 2 � 104 fibroblasts were seeded
after overnight starvation and harvested 24 hours later. The
upper cells in the filters were gently removed with a cotton
swab, whereas cells that migrated to the other side were
stained with 0.5% crystal violet. Images of three random
fields from each insert were captured, and the cell numbers
in each field were counted.

Flow Cytometry/Cell Cycle Analysis

Cell cycle assays were performed using PI/RNase Staining
Buffer (550825; BD Pharmingen, Franklin Lakes, NJ). A
total of 1 � 106 cells were collected and fixed in 75%
alcohol at �20�C overnight. After the cells were centrifuged
and washed twice with phosphate-buffered saline, they were
resuspended in 500 mL of propidium iodide and incubated
for 15 minutes in the dark at room temperature. The cells
were then analyzed by flow cytometry.

Co-IP Assay and Immunoblotting

HDFs treated with or without 100 ng/mL human recombi-
nant TGF-b1 were harvested with IP Lysis/Wash Buffer
(Thermo Fisher Scientific). The supernatant was collected
after centrifugation at 13,000 � g for 10 minutes for protein
concentration determination. Lysate (1 mg) was used for co-
immunoprecipitation (Co-IP). Immunoprecipitation was
performed according to the manufacturer’s instructions
using a Thermo Fisher Scientific Pierce Co-IP Kit (26149;
Thermo Fisher Scientific). Different antibodies, as described
above, including USP15 (dilution 1:100), SMAD7 (dilution
1:50), TBR1 (dilution 1:100), and ubiquitin (dilution 1:100)
antibodies, were used for immunoprecipitation. The bait and
prey proteins were incubated with gentle mixing overnight
1354
at 4�C. The protein mixtures were then separated by SDS-
PAGE.

Statistical Analysis

The results are expressed as the means � SEM. Statistical
differences were determined by unpaired t-tests and one-
way analysis of variance, when appropriate. The Graph-
Pad Prism 6 (GraphPad Software, San Diego, CA) program
was used for statistical calculations. Differences were
considered statistically significant when P < 0.05.

Results

Usp15 Deficiency Results in Delayed Wound Closure
in Vivo

First, a Usp15 KO mouse was established with a 40-bp
deletion in the second exon of Usp15 (Figure 1A). A
wound-healing model was constructed using full-thickness
wounds in Usp15 KO and Usp15 WT (Usp15þ/þ) mice.
The wound closure rate was measured by assessing the area
of the wound over 5 days after injury. From a general view
of wounds on the dorsal skin, wound closure was found to
be significantly delayed in both male and female Usp15�/�

mice compared with that in Usp15þ/þ mice (Figure 1, B and
C). Notably, there was no significant difference between
sexes in Usp15 KO or WT mice.
Sections of wounded skin were subsequently harvested

over 7 days. The area of the wounded region was measured
to determine the reepithelization rate, and epithelial thick-
ness was also analyzed. Hematoxylin and eosin staining
showed that the epithelial thickness was significantly
decreased in Usp15-deficient mice, and the recovery rate,
represented by the width of the epithelial gap, was signifi-
cantly restricted compared with that of WT mice (Figure 1,
DeF). In addition, Masson staining revealed that the
collagen level in USP15-deficient dermal skin was lower
than that in WT skin (Figure 1G). These results showed that
wound recovery is delayed in USP15-deficient mice,
demonstrating that silencing USP15 attenuates wound
healing in vivo.

USP15 Knockdown Attenuates Cell Migration and
Proliferation in HDFs

Because dermal fibroblasts are essential for cutaneous
damage repair, the role of USP15 in HDFs was studied.
First, USP15-silenced HDFs were established through
shRNA. shRNA lentivirus targeting USP15 with enhanced
green fluorescent protein was transfected into HDFs
(Figure 2A). As expected, USP15 was down-regulated after
shRNA interference at both the RNA (Figure 2, B and C)
and protein (Figure 2D) levels. Furthermore, a scratch assay
(Figure 2, E and F) was used to simulate wound healing in
cells. Together with the transwell assay data, the results
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Wound healing is delayed in Usp15-deficient mice. A: Establishment of Usp15 knockout mice. A 40-bp region of the second exon of Usp15 was
deleted (c. Usp15: 265-304 del). Genotyping was performed for further identification. B: Full-thickness wounds (5-mm diameter) were made on the dorsal skin
of Usp15þ/þ and Usp15�/� mice. Images of dorsal skin were taken from day 1 to day 5. C: The wound area was measured to estimate the wound contraction
rate. D: Biopsy sections were collected over 7 days after injury. Hematoxylin and eosin staining was used to assess epithelial thickness and epithelial gaps.
Dashed blue lines indicate basal layer (bas); red lines, epidermis (epi); solid green lines, thickness of epidermis; dashed green line, the gap between re-
epithelial wound area. E and F: Quantification of epithelial thickness (E) and the width of the epithelial gap (F). The width of the epithelial gap represents the
epithelization rate. G: Masson staining shows that collagen expression is down-regulated in the skin of Usp15�/� mice. n Z 6 male Usp15þ/þ and male
Usp15�/� (C); n Z 8 female Usp15þ/þ and female Usp15�/� (C); n Z 6 to 8 for each sex and time point (E and F). *P < 0.05 versus USP15þ/þ. Scale bars Z
100 mm (D and G). MT, mutant type; WT, wild type.
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Figure 2 Knockdown of USP15 restricts human dermal fibroblast (HDF) migration and proliferation. A: Validation of lentivirus transfection with enhanced
green fluorescent protein (eGFP) and shUSP15-RNA into HDFs. Scramble-shRNA served as a negative control (shNC). B and C: Native PAGE (B) and quantitative
real-time PCR (C) were performed to prove that endogenous USP15 mRNA is silenced. D: Western blot analysis shows that the USP15 protein level is suppressed
after transfection of shUSP15-1/2. E: Scratch assays show a significant inhibition of cell migration in HDFs transfected with shUSP15-1/2 compared with that
in HDFs transfected with shNC. Cells were imaged over 24 hours after scratching. Red lines: margins of cells migrated to central part. F: Quantification of cells
that migrate to the midline of the scratch wound. G: Transwell assays demonstrated that USP15 deficiency results in abrogation of cell motility. H: Cell
numbers at three random sites on each transwell filter were counted and calculated. I: Cell Counting Kit-8 assays show that HDF proliferation is significantly
inhibited in vitro. The summary data are from three independent experiments. J: Cell cycle arrest at the G0/G1 phase and a decreased proportion of cells in the S
phase by flow cytometry also indicate that cell proliferation is blocked. Data are expressed as means � SEM (H). *P < 0.05, **P < 0.01, and ***P < 0.001
versus shNC. Scale bars: 50 mm (A and G); 100 mm (E). BR, bright field; Con, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 3 Transcriptional sequencing reveals that the transforming growth factor (TGF)-b signaling pathway is the major downstream pathway of USP15. A:
RNA sequencing was performed after silencing of USP15. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis reveals that the TGF-b
pathway is significantly down-regulated. Human dermal fibroblasts transfected with scramble-shRNA served as a negative control. B: Gene Set Enrichment
Analysis reveals a dynamic change and inhibition of TGF-b pathway intensity. P < 0.05. diff_gene_count, differential expressed gene number counts; ECM,
extracellular matrix; Jak, Janus kinase; NOD, nucleotide binding oligomerization domain; RIG1, retinoic acid inducible gene 1.

USP15 Promotes Wound Healing
indicated that HDF migration was reduced in the USP15
knockdown group (Figure 2, G and H). Cell Counting Kit-8
assays demonstrated that USP15 knockdown significantly
inhibited cell proliferation (Figure 2I). As shown by flow
cytometry, the cell cycle was arrested at the G0/G1 phase,
with a decreased proportion of cells in the S phase, after
inhibition of USP15 expression (Figure 2J), which further
confirmed that the absence of USP15 blocked cell prolif-
eration. Taken together, these results suggest that HDF
cellular viability was remarkably restricted under USP15-
deficient conditions. Hence, it is important to investigate
how USP15 promotes wound healing.
Silencing USP15 Attenuates the TGF-b Pathway

To identify the pathways and factors downstream of USP15,
RNA-sequencing analysis was performed using HDFs
transfected with USP15-shRNA and scramble-shRNA.
Kyoto Encyclopedia of Genes and Genomes pathway
enrichment analysis showed that the TGF-b pathway was
significantly down-regulated (P < 0.05) (Figure 3A).
Furthermore, on the basis of Gene Set Enrichment Analysis,
significant repression of the TGF-b signaling pathway was
observed in USP15-suppressed HDFs (Figure 3B). Thus, in
subsequent experiments, the effects of USP15 were studied
on the TGF-b pathway.
The American Journal of Pathology - ajp.amjpathol.org
USP15 Maintains TGF-b Levels Both in Vivo and in Vitro

Because USP15 could regulate TGF-b, TGF-b1 levels
and the expression of other related targets were tested in
Usp15-deficient mice and HDFs. First, reduced TGF-b1
levels, compared with those of WT mice, were observed
in the peripheral blood of Usp15-deleted mice by
enzyme-linked immunosorbent assay (Figure 4A). In
addition, Usp15-deleted mice expressed less TGF-b1 and
TBR1 mRNA than WT mice in wounded skin
(Figure 4B). In wounds from WT mice, Tgfb1 mRNA
was significantly up-regulated through day 3 and day 5,
whereas in USP15 KO mice, there was no significant
change in this gene during wound healing. However,
compared with wounded skin from WT mice, Usp15-
deficient skin showed a significant decrease in Tgfb1
mRNA. The in vivo experiments also showed a lower
TBR1 mRNA level in wounded skin from Usp15 KO
mice than in WT skin from day 1 to day 5.

The expression of the TBR1 and the TGF-b1 target
gene PAI1 was assessed in HDFs in vitro. As expected,
SERPINE1 and TBR1 were decreased at both the
mRNA (Figure 4C) and protein (Figure 4E) levels after
silencing of USP15. A reduction in TGFB1 and
SERPINE1 mRNA levels was also observed in cells
transfected with shUSP15-RNAs (Figure 4D). Moreover,
to evaluate the effect of USP15 on TGF-b signaling
1357
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pathway activity, the level of phosphorylated SMAD2/3,
which acts as the main mediator of TGF-b signaling,
was examined in both negative control and shUSP15-
transfected cells. Decreased levels of phosphorylated
SMAD2/3 in USP15 knockdown HDFs resulted in a
weakened signaling intensity of the TGF-b pathway
(Figure 4, F and G). Immunohistochemical staining of
phosphorylated Smad2/3 was further confirmed in
USP15 WT/KO mice (Figure 4H). This result was
consistent with the in vitro finding that SMAD2/3
phosphorylation was reduced in Usp15�/� mice.

Moreover, a-smooth muscle actin (a-SMA) was tested in
both USP15-silenced and control HDFs by Western blot
analysis (Figure 4I) and immunofluorescence (Figure 4J).
The results showed that a-SMA significantly decreased after
knocking down USP15 in vitro. Similarly, immunohisto-
chemical staining of a-SMA also revealed reduced expres-
sion of a-SMA in the skin of Usp15�/� mice compared with
that in wild-type mice (Figure 4K). Thus, myofibroblast
induction was impaired after silencing of USP15 both
in vitro and in vivo.
USP15 Binds to the SMAD Protein Family

After exploring the biological function of USP15 in HDFs,
it was subsequently assessed in detail how USP15 regulates
TGF-b signaling. Given that USP15 is a DUB for receptor-
activated SMADs, it was tested whether the SMAD protein
family, including SMAD1/5, SMAD2/3, SMAD4, and
SMAD7, could form a complex with USP15 under condi-
tions with or without exogenous recombinant human
TGF-b1.

The Co-IP assays showed that USP15 could coimmuno-
precipitate with SMAD2/3, SMAD4, and SMAD7 but not
SMAD1/5 in HDFs (Figure 5A). However, endogenous
USP15 had a higher affinity for endogenous SMAD7 than
other SMAD proteins under physiological conditions
(Figure 5A). Moreover, only SMAD7 dissociated from
USP15 after treatment with a high concentration of exoge-
nous recombinant human TGF-b1 (100 ng/mL). Thus, the
intensity of TGF-b could directly influence the formation of
the USP15-SMAD7 complex.
Figure 4 USP15 regulates the transforming growth factor (TGF)-b pathway bot
the endogenous TGF-b1 level in the peripheral blood of USP15�/� mice is lower
decreased at day 3 and day 5 compared with those of the wild type. TGF-b recepto
wild type. C: Native PAGE shows decreased TBR1 and serpin family E member 1 (SER
D: Quantitative real-time PCR results show that the mRNA levels of TGF-b1 and
silenced. E: Western blot analysis of HDFs shows that TBR1 and SERPINE1 protein
SMAD2/3 phosphorylation (p-SMAD2/3) is significantly inhibited in USP15-deficie
Western blot analysis. Total SMAD2/3 was used as the internal control. H: Immun
(WT/KO) mice. SMAD2/3 phosphorylation is depressed in Usp15�/� mice. I: Weste
in HDFs after knockdown of USP15. J: Immunofluorescence reveals a weaker a-SM
mice. Yellow dashed lines indicate basal layer (bas); red dashed lines, epidermis
***P < 0.001 versus USP15þ/þ (unpaired t-test); yP < 0.05, yyP < 0.01 versus
dehydrogenase; shNC, scramble-shRNA served as a negative control.
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The USP15/SMAD7 Complex Binds to TBR1 and Inhibits
Its Ubiquitination

According to the results above, the conclusions were veri-
fied by immunofluorescence, and the results were in
accordance with those obtained in the coimmunoprecipita-
tion assay. USP15 and SMAD7 were colocalized under
TGF-b1edeprived conditions (Figure 5B). Nevertheless,
when stimulated with 100 ng/mL exogenous recombination
TGF-b1, USP15 dissociated from SMAD7, generating two
isolated peaks for the red and green signals (Figure 5B).

Because SMAD7 binds to TBR1, it was next explored
whether SMAD7 could also bind to TBR1 in HDFs. As
expected, TBR1 strongly interacted with SMAD7
(Figure 5C). Combined with the above results showing that
USP15 forms a complex with SMAD7, we hypothesized
that USP15 could be recruited to TBR1 by SMAD7. A Co-
IP assay demonstrated that USP15 interacted with TBR1
and that endogenous USP15 coimmunoprecipitated with
endogenous TBR1 under physiological conditions. In the
presence of a high concentration of TGF-b1, USP15
dissociated from SMAD7 and TBR1, whereas SMAD7 still
bound to TBR1 (Figure 5, C and D). In addition, knock-
down of USP15 resulted in diminished ubiquitin coimmu-
noprecipitation with TBR1, which indicates increased TBR1
ubiquitination (Figure 5E). Conclusively, our results illus-
trate that USP15 binds to SMAD7 and deubiquitinates
TBR1, stabilizing the TBR1 structure. This change results in
maintenance of TGF-b signaling pathway activity, leading
to an acceleration of wound repair (Figure 5F).
Discussion

Wound healing is a process of cutaneous barrier recon-
struction in which the skin and the connective tissues
remodel themselves after injury. Typically, the process is
divided into predictable phases: blood clotting (hemostasis),
inflammation, tissue growth (proliferation), and tissue
remodeling (maturation). In the last two phases, activated
dermal fibroblasts rebuild the tissue scaffold for cutaneous
regeneration.19 A previous study showed that bone
morphogenetic protein 2 (BMP2) can directly promote HDF
h in vivo and in vitro. A: An enzyme-linked immunosorbent assay shows that
than that in wild-type mice. B: TGF-b1 mRNA levels in wounded skin are
r I (TBR1) mRNA expression was also diminished compared with that of the
PINE1) mRNA levels in USP15 knockdown human dermal fibroblasts (HDFs).
its target gene SERPINE1 are both significantly decreased when USP15 is
expression is down-regulated in cells transfected with shUSP15. F and G:
nt HDFs, whereas total SMAD2/3 is not significantly changed, as shown by
ohistochemical (IHC) staining of p-SMAD2/3 in Usp15 wild-type/knockout
rn blot analysis shows decreased a-smooth muscle actin (a-SMA) expression
A signal in USP15-silenced HDFs. K: IHC staining of a-SMA in Usp15 WT/KO
; green lines, thickness of the epidermis (epi). *P < 0.05, **P < 0.01, and
shNC. Scale bar Z 50 mm (J and K). GAPDH, glyceraldehyde-3-phosphate
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proliferation and migration with activated ECM recon-
struction, thereby accelerating wound healing.20 However,
whether USP15 plays a key role in the activation of HDFs
during wound healing remains largely unknown. Herein, we
first revealed that USP15 could promote wound healing by
enhancing the proliferation and migration of HDFs and
activating the TGF-b signaling pathway, thereby providing
a novel therapeutic target for the treatment of refractory
wounds.

USP15, a DUB that removes conjugated ubiquitin from
target proteins, plays a leading role in ubiquitin-dependent
processes through polyubiquitin chain disassembly and
hydrolysis of ubiquitin-substrate bonds. To date, this
enzyme has been reported to be involved with transcrip-
tional regulation, DNA repair, and mitophagy.21 For
example, USP15 can regulate gene expression and/or DNA
repair through the deubiquitination of histone H2B.22

Recently, USP15 was also shown to affect TGF-b
signaling through the deubiquitination of receptor-activated
SMAD transcription factors.14 We demonstrate herein, for
the first time, that USP15 can directly modulate wound
healing by stabilizing TBR1 and maintaining the TGF-b
signaling pathway, which represents a novel regulatory
mechanism of USP15.

TGF-b is one of the most extensively studied signaling
molecules, and the role of TGF-b1 as a proponent of wound
healing is well characterized.23,24 To date, numerous factors
have been revealed to regulate TGF-b1 RNA and protein
expression, such as thrombospondin-1, BMPs, and
SMADs.25,26 TGF-b receptors have also been reported to be
involved in various post-translational modifications, such as
phosphorylation and ubiquitination.27 Previous studies have
confirmed that USP15 can also deubiquitinate and stabilize
TBR1 in an SMAD7-dependent manner.28 Herein, we
confirmed that this theory could be applied to wound
healing, which provides an alternative explanation for post-
translational modifications of the TGF-b receptor during
cutaneous wound repair.

Myofibroblast induction is mainly characterized by up-
regulated expression of a-SMA and enhanced ECM syn-
thesis compared with typical fibroblasts.29 During wound
healing, myofibroblast induction is activated by the TGF-b
signaling pathway, causing increased motility of fibroblast
Figure 5 USP15 deubiquitinates transforming growth factor (TGF)-b receptor
itation (IP) of USP15 in human dermal fibroblasts (HDFs) treated with or without
of SMAD1/5, SMAD2/3, SMAD4, and SMAD7. USP15 binds to SMAD2/3, SMAD4, an
USP15 in the presence of high concentrations of TGF-b1. B: Left panels: Immuno
TGF-b1. Right panel: The red and green signals are overlapping in the normal cu
TGF-b1 environment. Fluorescence intensity was quantified according to the whit
arrows, USP15 immunofluorescence intensity. C: Coimmunoprecipitation assays co
exogenous TGF-b1. D: Immunoprecipitation of USP15 and immunoblotting of TBR
after treatment with exogenous TGF-b1. E: Coimmunoprecipitation assays of ubiqu
that served as a negative control negative control. Silencing USP15 promotes TBR
pathway. SMAD7 recruits USP15, and the USP15-SMAD7 complex stabilizes the s
enhanced and, thus, strengthens the TGF-b signaling pathway. Scale bars Z 10
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cells and accelerated fibrosis.30 Herein, for the first time, we
reported that USP15 promoted the differentiation of fibro-
blasts into myofibroblasts, which reconstructed the ECM in
the wound area and activated cell motility, causing accel-
erated cutaneous wound repair.

Skin wound healing requires diverse cell types, such as
macrophages, activated T/B lymphocytes, and keratino-
cytes.31,32 Further investigations could explore the regula-
tory roles of USP15 in these cells during skin wound repair.
Only one HDF cell strain was assessed in this study, which
might not provide representative evidence. We will examine
whether USP15 can regulate TGF-b signaling in primary
fibroblasts with diverse origins in a subsequent study.

Rodent skin does not heal by epidermal migration alone.
Wound healing is simultaneously regulated by epidermal
migration and contraction. In our study, the measured
wound area could be influenced by both migration and
contraction. Further studies should explore the role of
USP15 in epidermal migration and contraction. In addition,
there is a fundamental difference in wound healing between
mice and humans, as contraction is the primary mechanism
for murine skin repair,33 and further studies could explore
the clinical applications of treating refractory wounds via
supplementation with the recombinant USP15 protein.

Thus, it was concluded that silencing USP15 attenuates
TGF-b/Smad signaling intensity and subsequently results in
dysfunctional wound healing. More specifically, our
research proves that USP15 directly deubiquitinates TGF-b
receptor I to promote wound healing. Because of the
druggable enzymatic activity of DUBs, USP15 is considered
a potential therapeutic target with important clinical appli-
cations.34 Recombinant DUBs can be applied to accelerate
wound repair, whereas small molecules targeting DUBs
may become a new intervention for cutaneous overhealing
outcomes, such as keloids and hypertrophic scars.35,36

Further studies on the effects of USP15 overexpression
will be performed in the future to assess the full functions of
USP15 in wound healing.
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I (TBR1) by forming a complex with SMAD7 and TBR1. A: Immunoprecip-
100 ng/mL recombinant human TGF-b1 for 24 hours and immunoblot assays
d SMAD7 under physiological conditions, but only SMAD7 dissociates from
fluorescence assays of USP15 (red) and SMAD7 (green) in HDFs treated with
lture environment, whereas they are separated from each other in the high
e arrows. Green arrows indicate SMAD7 immunofluorescence intensity; red
nfirm that SMAD7 and TBR1 bind to each other in the presence or absence of
1 show that USP15 can form a complex with TBR1 and dissociate from TBR1
itin (UB) and TBR1 in HDFs transfected with shUSP15 and scramble-shRNA
1 ubiquitination. F: Schematic of USP15-mediated regulation of the TGF-b
tructure of TBR1 by decreasing TBR1 ubiquitination. TBR1 stabilization is
mm (B).
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