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ARTICLE INFO ABSTRACT
Keywords: Macrophages preferentially polarize to the anti-inflammatory M2 subtype in response to alter-
SENP3 ations in the wound microenvironment. SUMO-specific protease 3 (SENP3), a SUMO-specific

Macrophage polarization
Inflammatory response

Wound healing

Smad6/1kB/p65 signaling pathway

protease, has been proven to regulate inflammation in macrophages by deSUMOylating sub-
strate proteins, but its contribution to wound healing is poorly defined. Here, we report that
SENP3 deletion promotes M2 macrophage polarization and accelerates wound healing in
macrophage-specific SENP3 knockout mice. Notably, it affects wound healing through the sup-
pression of inflammation and promotion of angiogenesis and collagen remodeling. Mechanisti-
cally, we identified that SENP3 knockout facilitates M2 polarization through the Smad6,/IxB/p65
signaling pathway. SENP3 knockout elevated the expression of Smad6 and IkB. Moreover, Smad6
silencing enhanced the expression of p-p65 and proinflammatory cytokines while inhibiting the
level of IkB. Our study revealed the essential role of SENP3 in M2 polarization and wound
healing, which offers a theoretical basis for further research and a therapeutic strategy for wound
healing.

1. Introduction

With the development of an aging society, trauma and metabolic diseases have gradually increased, and various complex wounds
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are becoming a severe threat to public health and placing heavy economic and psychological burdens on patients [1]. The key to
wound repair is to explore the mechanism of wound healing, shorten the wound healing time and reduce scar formation. In addition to
traditional skin/flap transplantation, new methods, such as tissue-engineered skin, growth factors, and stem cell therapy, have also
been applied to the treatment of wounds [2,3]. However, due to the high cost of treatment, harsh material storage conditions and other
defects, as well as the increasing needs of patients, it is of great significance to develop new treatment methods for wound healing (see
Table 1 and 2).

Within wounds, the critical role of macrophages in regulating the inflammatory response and wound repair has been affirmed [4].
During normal wound healing, macrophages undergo a phenotypic switch from M1 to M2 [5]. Early monocytes differentiate into M1
macrophages and secrete a large number of cytotoxic mediators and proinflammatory factors, including Interleukin-1 beta (IL-1p),
tumor necrosis factor (TNF-a), and interleukin-6 (IL-6), and produce nitric oxide by decomposing 1-arginine, which exerts a cytotoxic
effect [6]. M2 macrophages in the subsequent proliferative phase play an important role in promoting fibrosis and tissue remodeling.
The secreted transforming growth factor beta (TGF-f), interleukin-10 (IL-10), vascular endothelial growth factor (VEGF) and other
cytokines alleviate the inflammatory response and promote the differentiation of fibroblasts into myofibroblasts, angiogenesis, and the
formation of extracellular matrix [7]. During the remodeling phase, M2 inhibits the production of r-proline and the synthesis of
collagen, promotes the dissolution and absorption of extracellular matrix, and secretes IL-10 to inhibit excessive fibrosis and reduce
scarring. The timely transformation of M1 macrophages into M2 macrophages promotes the progression of wound healing from the
inflammatory phase to the proliferative phase [8]. Hence, modulation of macrophage polarization is a key strategy for wound healing.

Small ubiquitin-related modifier (SUMO) is an important ubiquitin-like protein. SUMOylation affects the stability, subcellular
localization and transcription of proteins, thus regulating diverse biological events [9]. SUMOylation is a dynamic and reversible
process in which SUMO can be removed from its substrates by the sentrin-specific protease (SENP) family [10]. SENP3 is a
redox-sensitive SUMO2/3-specific protease in the SENP family that accumulates under cellular redox stress [11,12]. Reactive oxygen
species (ROS) can lead to rapid increases in the nuclear level of SENP3 by inhibiting its proteasomal degradation [11,12]. SENP3 has
been shown to potentiate lipopolysaccharide (LPS)-induced inflammatory signaling in macrophages via deSUMOylation of
mitogen-activated protein kinase 7 (MKK7) [13]. Another study verified that SENP3 mediates LPS-induced coagulation activation by
upregulating monocyte/macrophage tissue factor expression in a JNK-dependent manner [14]. The studies above indicate that SENP3
regulates the inflammatory signaling pathway in the macrophage cytoplasm by deSUMOylating substrate proteins. Thus, we presumed
that SENP3 might play a role in the macrophage-mediated inflammatory response during wound healing.

To test this hypothesis, we constructed SENP3 flox/ flox /™ Lyz2-cre mice (mice with SENP3 conditional knockout in macrophages,
named SENP3 cKO mice) to explore the effect of SENP3 on macrophage polarization and the inflammatory response in wound healing.
Our study confirmed that SENP3 deficiency contributes to the acceleration of wound healing by regulating macrophage polarization
and the inflammatory response both in vitro and in vivo. These findings may provide a theoretical basis for further research and
application in wound healing.

2. Results
2.1. SENP3 is significantly increased in macrophages during wound healing

To investigate the potential roles of SENP3 in wound healing, we first determined whether SENP3 expression was altered in wound
healing. As shown in Fig. 1A and B, the expression of SENP3 in wound tissues extracted on Day 6 was significantly elevated compared
with that of normal skin tissues (sham group) (n = 6, P < 0.001). Both the mRNA and protein levels of SENP3 were increased in wound
tissues compared with the sham group (n = 6, P < 0.001, P < 0.01) (Fig. 1C-E). In vitro, both the mRNA and protein levels of SENP3
were increased in macrophages exposed to LPSs compared with the control group (P < 0.01, P < 0.001) (Fig. 1F-H).

2.2. SENP3 deficiency decreases inflammatory cytokine production in macrophages

We first constructed SENP3 cKO mice as shown in Fig. 2A and B. Immunofluorescence analysis indicated that SENP3 decreased in
SENP3 cKO mice compared with SENP3! mice during wound healing (P < 0.001) (Fig. 2C and D). The SENP3 expression levels in the
BMDM:s of these mice were verified (P < 0.001) (Fig. 2E and F). We then determined the correlations between SENP3 levels and

Table 1

Antibodies used in Western blot.
Antibodies Cat. No. & Company Dilution ratio
SENP3 DF8198, Affinity 1:2000
Smad6 AF5160, Affinity 1:1000
IkB AF5002, Affinity 1:1000
p-p65 AF2006, Affinity 1:1000
P65 AF5006, Affinity 1:1000
GAPDH AF7021, Affinity 1:1000
p-actin BMO0627, Boster 1:500

Note: SENP3, SUMO-specific protease 3; IkB, Inhibitor of kappa B; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.
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Table 2

Primer nucleotide sequences of RT-qPCR.
Name Primer sequence
m-SENP3-F AGACTATACAGGGGACCGGG
m-SENP3-R CGTCTAGTTGGCACTGTGGT
m-Smad6-F TCTACGACCTACCTCAGGGC
m-Smad6-R TTGACGAAGATGGGGTGCTC
m-IkB-F CTCCCCCTACCAGCTTACCT
m-IkB-R TAGGGCAGCTCATCCTCTGT
m-GAPDH-F TGGCCTTCCGTGTTCCTAC
m-GAPDH-R GAGTTGCTGTTGAAGTCGCA

Note: RT-qPCR, reverse transcription-quantitative polymerase chain
reaction; F, forward; R, reverse; SENP3, SUMO-specific protease 3;
IkB, Inhibitor of kappa B; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 1. SENP3 was significantly increased in macrophages during wound healing. (A-B) SENP3 expression was elevated in wound skin tissue ac-
cording to immunofluorescence analysis. (C-E) SENP3 increased in wound skin tissue based on Western blot and RT-qPCR analysis. (F-H) SENP3
increased in wound skin tissue based on Western blot and RT-qPCR analysis. **, P < 0.01; ***, P < 0.001. SENP3, SUMO-specific protease 3; RT—
qPCR, real-time polymerase chain reaction.

inflammatory cytokine transcription in primary BMDMs based on the levels of the cytokines in SENP3™ and SENP3°© mice. The
details are shown as follows, in the BMDMs of SENP3 cKO and SENP3/1 mice, SENP3 deficiency decreased the serum levels of the
cytokines TNF-a and IL-1p (P < 0.05), while wounding also reduced the expression of IL-6, TNF-a and IL-1§ (P < 0.01) (Fig. 2G). We
used LPS to stimulate macrophages to simulate the inflammation of wound healing and found that the supernatant levels of cytokines
were reduced in the BMDMs of SENP3 cKO mice compared with those of SENP3Y! mice (P < 0.001) (Fig. 2H). Therefore, SENP3 may
play a role in inflammatory cytokine production in macrophages, indicating the correlation between SENP3 and inflammatory cy-
tokines. In addition, we performed flowcytometry assay using F480 and CD206 marker to examine the M2 polarization rates of BMDMs
from both SENP3"/l and SENP3°X© mice. We found that the M2 polarization rate of SENP31/fl group was lower than that of SENP3K©
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Fig. 2. SENP3 was conditionally knocked out in macrophages. (A) Schematic diagram of SENP3 conditional knockout mice. (B) Agarose gel
electrophoresis results of genotype. (C-D) Immunofluorescence analysis indicated that SENP3 decreased in SENP3 cKO mice compared with
SENP31f! mice during wound healing. (E-F) Western blot analysis was used to validate SENP3 conditional knockout in macrophages. (G) ELISA
analysis of serum (n = 10). (H) ELISA analysis of primary bone marrow macrophages (n = 10). (I) Flow cytometry assay of the M2 polarization of
primary bone marrow macrophages. (J) Statistical analysis. *, P < 0.05; **, P < 0.01; ***, P < 0.001. SENP3, SUMO-specific protease 3; SENP3 cKO,
SENP3 conditional knockout in macrophages; ELISA, enzyme-linked immunosorbent assay.

group (P < 0.001) (Fig. 2i-j). (K-L) F480. CD206 flow cytometry of SENP3 cKO mice.
2.3. Conditional SENP3 knockout in macrophages significantly promotes wound healing

After modeling full-thickness excisional skin wounds, we observed that SENP3 cKO mice showed a significantly smaller wound size
than SENP3%/f! mice during the wound healing process (Fig. 3A). The wound healing rate in SENP3 cKO mice on Days 1-12 was
significantly higher than that in SENP3%? mice (n =6, P < 0.05) (Fig. 3B).

To further study how SENP3 deficiency promotes wound healing, we then observed the inflammatory response of wounds on Days
1, 3, and 7 by hematoxylin and eosin.

(HE) staining. On Day 1, a large number of inflammatory cells infiltrated around the wound of the SENP mice, whereas the
infiltration of inflammatory cells in SENP3 cKO mice was significantly reduced. On Day 5, both groups showed a decreasing trend in
the inflammatory response, and the infiltration of inflammatory cells in SENP3 cKO mice was significantly less than that in SENP31/1
mice. On Day 7, the number of inflammatory cells in both groups was significantly reduced compared to that on Days 1 and 5 (n = 6, P
< 0.05) (Fig. 4A and B).

Masson staining in the wounds of SENP3 cKO mice showed a more collagen-rich wound bed, while sparse collagen deposition was
noticeable in the wound beds of SENP3!! mice wounds on Days 3-7 (n = 6, P < 0.05) (Fig. 4C and D).

CD31 immunohistochemistry (IHC) staining showed the angiogenesis of wounds on Days 3-7. The number of new blood vessels
within the granulation tissue in SENP31fl mice was significantly decreased compared with that in SENP3 ¢KO mice (n = 6, P < 0.05)
(Fig. 4E and F).

Additionally, we labeled M1 and M2 macrophages with CD68 and CD206, respectively, by immunofluorescence staining to observe
the dynamic changes in macrophages during wound healing. On Day 3, at the primary stage of wound healing, the number of M1 and
M2 macrophages increased, and the inflammatory response was initiated. The number of M1 macrophages was greater than that of M2
macrophages. On Day 5, the inflammatory response exhibited a regression, and the number of M2 macrophages was greater than that
of M1 macrophages, indicating the transformation from M1 to M2. Consistent with the results mentioned above, the polarization trend
from M1 to M2 was strengthened in the SENP3 cKO group compared with the SENP3fl/fl group (n = 6, P < 0.05) (Fig. 4G-J). F480.
CD206 flow cytometry of SENP3 cKO mice showed that the M2 polarization ratio of BMDMs from SENP3 cKO mice increased (n = 6, P
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Fig. 3. Conditional SENP3 knockout significantly accelerated the wound healing process. (A) Representative images of the wound healing progress
of the two groups on Days 0, 3, 6, 9 and 12. (B) Statistical analysis. *, P < 0.05. SENP3, SUMO-specific protease 3.
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Fig. 4. Conditional SENP3 knockout promoted angiogenesis and M2 macrophage polarization. (A-B) HE staining showed the number of inflam-
matory cells. Scale bar = 600 pm. (C-D) Masson staining showed the collagen density. Scale bar = 100 pm. (E-F) Immunohistochemical staining of
CD31 presented the microvessel number. Scale bar = 100 pm. (G-H) Immunofluorescent staining of CD68 showed the macrophage number. Scale
bar = 100 pm. (I-J) Immunofluorescent staining of CD68 and CD206 colocalization showed the M2 macrophage number. Scale bar = 100 ym *, P <
9.05. SENP3, SUMO-specific protease 3; HE, hematoxylin and eosin.

< 0.05) (Fig. 4K-L).

2.4. SENPS3 deficiency activates Smad6/IxB signaling in macrophages

GSEA of the RNA-sequencing dataset demonstrated a negative enrichment of wound healing and angiogenesis in macrophages with
SENP3 knockout (Fig. 5A). RNA-sequencing data analysis revealed that the expression of Smad6 and IkBa (Nfkbia) was significantly
increased in macrophages with SENP3 deficiency (Fig. 5B). Functional annotation analysis showed genes with ectopic expression
between macrophages with or without SENP3 knockout. (Fig. 5C). Consistent results were obtained by Western blot and qRT-PCR (P
< 0.001) (Fig. 5D and F). Additionally, the knockdown of SENP3 promoted the expression of TGFp3 but did not affect the Smad7
expression in protein level (Fig. 5G-I). To the best of our knowledge, TGF-$ was bidirectional in the inflammatory process, and TGF-p3
has been reported to promote wound healing and reduce scar tissue formation (Li et al., 2018). Meanwhile, Smad7 and Smad6,
important regulators of TGFp pathway expression, were up-regulated at the transcription level, but Western blot analysis confirmed
that Smad7 was not changed at the protein level, while Smad6 was up-regulated at the protein level, indicating the potential rela-
tionship between Smad6 and inflammation.

2.5. Macrophage SENP3 conditional knockout elevated M2 polarization

Smad6 was reported to be a potential target in the pathological process of wound healing [15]. To evaluate the expression of Smad6
in different groups, we performed immunofluorescence analysis and Western blot analysis. The results of immunofluorescence analysis
demonstrated that the expression of Smad6 was decreased in wound tissue and was elevated in the SENP3 cKO group (n = 6, P <
0.001) (Fig. 6A and B). Consistently, according to Western blot analysis, Smad6 was downregulated in BMDMs treated with LPSs and
was upregulated by SENP3 conditional knockout. In addition, the protein level of IkB was suppressed by LPS treatment and enhanced
in the SENP3 cKO group (P < 0.001) (Fig. 6C-E), indicating that SENP3 knockout can reverse the inhibitory effect on Smad6 exerted by
LPS treatment.

2.6. SENP3 promotes inflammation via the smad6/IxB/p65 pathway

To determine whether SENP3 regulates inflammation through the Smad6/IxB/p65 signaling pathway, western blotting was per-
formed to analyze the protein levels of molecules upstream and downstream of the Smad6/IxB/p65 signaling pathway in the BMDMs
of SENP3 cKO and SENP3%/! mice. BMDMs were transfected with Smad6-specific and corresponding negative control siRNAs to
construct si-Smad6é BMDMs. Subsequently, Western blot and RT-qPCR analyses were performed to determine Smad6 expression in
these two groups (Fig. 7A and B). The elevated protein expression of IkB in SENP3 cKO macrophages was downregulated by si-Smad6,
indicating the regulatory effect of Smad6 on IkB. The decreased protein expression of phosphorylated p65 (p-p65) in SENP3 cKO
macrophages was upregulated by si-Smad6 (P < 0.001) (Fig. 7D-F). Furthermore, the supernatant levels of relative inflammatory
cytokines, such as IL-6, IL-1p and TNF-a, were in accordance with the findings mentioned above (P < 0.05) (Fig. 7D). NF-xB was
downregulated after SENP3 knockdown, and the level of IkB was increased, while IxB was downregulated and NF-kB was upregulated
after si-smad6, which confirmed that SENP3 could regulate macrophage polarization by the Smad6/IxB/NF-Kb/P65 pathway (P <
0.05) (Fig. 7D). Under LPS stimulation, the expression of the anti-inflammatory factor IL-10 increased after SENP3 knockout, while the
expression of IL-10 was downregulated after Smad6 knockout, reversing the effect of SENP3 knockout (P < 0.05) (Fig. 7G).

3. Discussion

Skin wound macrophages are key regulators of the innate immune response and critical facilitators of orchestrating the inflam-
matory response in wound healing [16]. In response to changes in the wound microenvironment, macrophages show considerable
plasticity to acquire and exhibit diverse polarization states [17,18]. M2 macrophages, as a group of heterogeneous macrophages with
anti-inflammatory effects, play an important role in pathophysiological processes such as the resolution of inflammation, the occur-
rence of hypersensitivity and the repair of damage [6,19]. The factors or cues in the wound microenvironment that drive such diversity
to promote wound healing remain unclear at present. This study provides preliminary evidence demonstrating that the SUMO protease
SENP3 regulates the inflammatory responses of macrophages in wound healing.

First, we verified that SENP3 is highly expressed during wound healing, indicating that SENP3 is positively correlated with wound
healing. Furthermore, to simulate the inflammatory response in wound healing, we stimulated macrophages with LPS and found that
the expression of SENP3 was also significantly increased during this process. In this study, we constructed macrophage SENP3 con-
ditional knockout mice and a dorsal wound model and confirmed that during the wound healing process, the number of SENP3-
positive M1 macrophages in SENP3 cKO mice decreased, indicating that SENP3 deletion in macrophages inhibits the production of
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Fig. 5. SENP3 loss activated Smad6 signaling in macrophages. (A) An enrichment of wound healing and angiogenesis was negatively regulated in
macrophages with SENP3'/!l, (B) RNA-sequencing data analysis revealed that Smad6 and IxBa (Nfkbia) expression was significantly increased in
macrophages with SENP3 knockdown. (C) Functional annotation analysis of genes with ectopic expression between macrophages with or without
SENP3 knockdown. (D-F) RT-qPCR and Western blot analysis were performed to evaluate Smad6 and IkBa expression in macrophages with or
without SENP3 knockout. (G) Western blot analysis of Smad7 and TGFp3. (H-I) Statistical analysis. Data were presented as mean =+ s.d. *, P < 0.05;
** P < 0.01. SENP3, SUMO-specific protease 3; IkB, inhibitor of NF-kB; RT-qPCR, real-time polymerase chain reaction.
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M1 macrophages. The secretion of inflammatory cytokines was also reduced in serum and cellular supernatant, suggesting that SENP3
depletion suppressed the inflammatory response.

In recent years, it has been found that SUMOylation and SENP-mediated deSUMOylation have been linked to suppressed
inflammation in macrophages, which efficiently regulates the functional activities and gene expression levels of related proteins and
affects the development and outcome of inflammation [13,20-24]. Glass et al. contributed to the regulation of the transcriptional
activity of inflammatory transcription factor complexes by SUMOylation of nuclear receptors in macrophages and found that upon
activation of peroxisome proliferator-activated receptor gamma (PPARy) and liver X receptors (LXRs) in macrophages, the modifi-
cation of SUMOL1 at Lys 77 and Lys 365 of PPAR-y and the modification of SUMO2 at Lys 410 and Lys 448 of LXRs promote the
transcriptional repression of the NCoR complex, thereby inhibiting downstream inflammatory factors [25,26]; additionally, SENP3
can remove the SUMOylation on LXRs, thereby releasing the transcriptional repression of the NCoR complex and promoting the
expression of downstream inflammatory factors [27]. Kemper et al. reported that SUMO2 modification of macrophage farnesoid X
receptor (FXR) can also promote the inhibitory function of transcriptional repression complexes, thereby inhibiting the expression of
inflammatory factors [28]. Keiko Ozato et al. revealed that SUMO3 modification at Lys 310 of interferon regulatory factor 8 (IRF8)
inhibits the expression of antiviral inflammatory factors in macrophages, while SENP1 can deactivate SUMOylation, thereby activating
macrophages [29]. Lao et al. reported that SENP3 enhances the expression of inflammatory cytokines in response to LPS stimulation
via MKK7 deSUMOylation [13]. Chen et al. showed that SENP3 mediates LPS-induced coagulation activation by upregulating mon-
ocyte/macrophage tissue factor production in a JNK-dependent manner [14]. These findings elucidate the roles of SUMOylation and
SENPs in macrophage polarization and the inflammatory response, which will help understand the development of inflammation,
thereby providing more effective treatment options.

To determine how M2 polarization by SENP3 loss affects wound healing, we observed the suppression of inflammation and pro-
motion of angiogenesis and collagen remodeling. We also noticed that the inflammatory cytokines IL-6, TNF-a and IL-1p decreased
both in vivo and in vitro. In the process of skin wound healing, M1 macrophages are mainly recruited from peripheral blood and
infiltrate the wound site at 1-2 days soon after wound formation, and most M1 macrophages are polarized to M2 macrophages at 3
days postinjury [30,31]. Timely and adequate M2 macrophage polarization is crucial for the proinflammatory to anti-inflammatory
transition in wound healing. A lack of M2 macrophages results in delayed wound healing [32]. Collagen remodeling is a key pro-
cess in wound repair, in which M2 macrophages play a critical role [33,34]. Previous studies have also shown that M2 macrophages are
strongly associated with angiogenesis [35,36], which is consistent with our results.

TGF-p protein expression was increased when the TGF-p pathway was activated. TGF-f is bidirectional in the inflammatory process,
while TGF-p3 has been reported to promote wound healing and reduce scar tissue formation [37]. Additionally, Smad7 and Smad6,
important regulators of TGFp pathway expression, were upregulated at the transcriptional level, but Western blot confirmed that
Smad7 was not changed while Smad6 was upregulated at the protein level [38,39]. Therefore, we used Smad6 as our downstream
research object to clarify the important role of Smad6 in SENP3 regulation of macrophage polarization in wound healing.

To gain further insight into the underlying mechanism by which SENP3 loss inhibits inflammation in macrophages, we performed
RNA sequencing and found that the expression levels of Smad6 and IkB were upregulated in SENP3-knockout macrophages. In
addition, the protein levels of Smad6 and IkB increased in LPS-treated macrophages. Previous studies have shown that Smad6
upregulates IkB and inhibits p-p65 to repress inflammation [39,40], suggesting that SENP3 may play a role in the inhibition of
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inflammation through the Smad6/IxB pathway. In addition, Smad6 has been demonstrated to suppress NF-kB activation and peri-
odontal inflammation [39]. Previous work suggested that induction of Smad6 accelerated wound healing. Mechanistically, Smad6 is a
novel target that activates bone morphogenetic protein 2 (BMP2) [15]. Therefore, to test the above hypothesis, we knocked out Smad6
in macrophages, which significantly inhibited the upregulation of IkB, while p-p65 was increased. Meanwhile, the decreased levels of
inflammatory cytokines, such as IL-18, IL-6 and TNF-q, in the SENP3 cKO group were elevated by Smad6 knockdown, consistent with
previous results. Previous studies have provided insights into NF-kb/IxB signaling, which exerts significant influences on the
system-wide oxidative stress response, macrophage polarization and inflammation [41,42]. It was reported that the NF-xB/IxB
signaling pathway played an important role in wound healing [43]. Suppression of the NF-kB/p65 pathway in fibroblasts promoted
skin wound repair [44]. Hence, blockade of SENP3 repressed inflammation via the Smad6/IkB/p65 pathway, further implicating
SENP3 as a promising therapeutic strategy in wound healing.

4. Conclusion

In summary, our study identified the key role of SENP3 in M2 macrophage polarization and wound healing as well as the un-
derlying mechanism. Furthermore, we found that SENP3 deletion in macrophages promotes M2 polarization and accelerates wound
healing through the Smad6/IxB/p65 signaling pathway, which may provide a therapeutic approach in wound healing.

5. Materials and methods
5.1. Mice

C57BL/6 mice (age, 6-8 weeks old) were purchased from Shanghai SLAC Laboratory Animal Co. Ltd. and were raised under specific
pathogen-free conditions. C57BL/6 Senp3 "/~ mice were generated by BayGenomics (San Francisco, CA). C57BL/6 Senp3ﬂ°X mice were
generated by the Model Animal Research Center of Nanjing University (Nanjing, China). A neomycin cassette abutted with LacZ and an
FRT sequence at the N-terminus of the exon 8-adjacent region was needed to produce an embryonic stem (ES) cell that aims at the
vector with exons 8 and 11 adjoined by the loxP sequence. The positive ES cells, obtaining the vector through transfection/electro-
poration and verified by PCR/Southern blot analysis, were injected into C57BL/6 mice, which copulated with FLP-FRT mice afterward
to eliminate LacZ and neomycin. Then, the ‘purified’ mice were crossed with Lyz2-cre C57BL/6 mice for further experiments. The mice
were raised in a specific pathogen-free (SPF) animal laboratory at Shanghai Ninth People’s Hospital and divided into two groups:
SENP3 cKO mice formed the experimental group (n = 6), while SENP3 flox/flox (fl/fl) mice formed the control group (n = 6).

Animal experiments were in compliance with the national guidelines for the Care and Use of Laboratory Animals issued by the
Ministry of Science and Technology of the People’s Republic of China. All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine.

5.2. Wound-healing model

Mice were anesthetized by peritoneal injection with pentobarbital sodium (50 mg/kg; Boster, Wuhan, China). Two full-thickness
wounds were made on the dorsum on each side of the midline using a sterile 12-mm biopsy punch (Miltex, New York, NY, USA). The
wound healing of each group was digitally photographed from Day 0 to Day 12. The rate of wound healing [(Day 0 wound area - wound
area)/Day 0 wound area x 100%] was used to evaluate the wound healing process. Wound area was analyzed with ImageJ software
[National Institutes of Health (NIH), Bethesda, MD, USA]. The wound tissue for hematoxylin-eosin (HE) and immunohistochemistry
(IHC) staining was extracted at Day 1, Day 3, Day 5 and Day 7 after modeling.

5.3. Cell isolation and transfection

Primary murine macrophages were differentiated from bone marrow harvested from SENP3 /T and SENP3 ¢KO mice. The
harvested marrow was femoral and tibial bones treated with ACK lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) and plated
in tissue culture flasks. Naive macrophages were generated by cell culture in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 50 U/mL
penicillin-50 pg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), and 30 ng/mL murine recombinant macrophage
colony stimulating factor (M-CSF, PeproTech, Rocky Hill, NJ) for 7 days. Cells were then isolated with Accutase and plated onto
modified Ti surfaces or tissue culture polystyrene (TCPS) in 24-well plates for subsequent experiments. For the knockdown experiment,
cells were transfected with siRNA oligonucleotides using the Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Waltham,
MA). (Smad6)-specific and corresponding negative control (NC) siRNAs were obtained from Guangzhou RiboBio.

5.4. Quantitative real-time PCR

Total RNA was extracted from tissues or cultured cells using TRIzol (Invitrogen, Carlsbad, CA, USA). Complementary DNA (cDNA)
was obtained by reverse transcribing total RNA with the PrimeScript RT Reagent Kit (Takara Bio Inc., Shiga, Japan). Quantitative real-
time PCR was performed in an ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) using SYBR Green Real-

time PCR Master Mix (Yeasen, Shanghai, China). The primer sequences are shown in Supplementary Table 1.
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5.5. Western blotting analysis

Skin tissue and cellular protein extraction and Western blotting were performed according to our previous protocols [45]. All the
antibodies are presented in Supplementary Table 2.

5.6. Immunohistochemistry and immunofluorescence staining

Immunohistochemistry performed on paraffin sections and immunofluorescence staining performed on cells were described in our
previous study [45]. For tissue immunofluorescence staining, sections were permeabilized using 0.2% Triton X-100 before blocking
using 20% goat serum and then incubated with primary antibodies at 4 °C overnight. The sections were then incubated with Alexa
Fluor 594/488-conjugated anti-rabbit secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA). DAPI was used for
nuclear staining. The numbers of immunofluorescence-positive cells were quantified from five microscopic fields (Zeiss).

5.7. ELISA

IL-6, TNF-a and IL-1f concentrations in the serum and cellular supernatant were examined using murine ELISA kits (eBioscience
Systems) according to the manufacturer’s protocol. Supernatants were stored at 80 °C before measurement.

5.8. Flow cytometry

Cells were incubated with primary antibodies for 30 min on ice in the dark, followed by washing and analysis on an LSRII flow
cytometer (BD Biosciences). Data analysis was performed by FACSDiva (version 6.1.1; BD Biosciences) and Prism 5.0 (GraphPad).

5.9. RNA sequencing and bioinformatics analysis

Total RNA was extracted from bone marrow-derived macrophages (BMDMs) from SENP37f! and SENP3 ¢KO mice (three randomly
selected samples from each group) using TRIzol (Invitrogen, USA) according to the manufacturer’s instructions. After quality eval-
uation, total RNA samples were enriched by Oligo dT (rRNA removal), and then the KAPA Stranded RNA-Seq library Prep Kit (Illu-
mina) was selected to construct the RNA-seq library. Then, the quality of the constructed libraries was evaluated by an Agilent 2100
BioAnalyzer and quantified using the RT-qPCR method. FastQC software was applied to decapitate reads, and then Hisat2 software
was used to compare the reference genome. The FPKM calculation of gene level and transcript level was performed using R software
Ballgown, and the differentially expressed genes (DEGs) of two groups were screened out based on fold change (FC) and p values (FC >
1.5 and p value < 0.05). In addition, GO analysis was performed to investigate three functional domains: molecular function (MF),
cellular component (CC) and biological process (BP). KEGG pathway analysis was performed to functionally determine and map genes.

5.10. Lipopolysaccharide stimulation

Inflammation is a significant component of wound healing. Lipopolysaccharide (LPS) stimulation was applied to initiate the
pathological process in BMDMs according to a previous study [46]. Concretely, BMDMs from SENP31!l and SENP3 cKO mice were
primed with 100 ng/mL LPS (Sigma, L8274) for 12 h. Afterward, the supernatant and BMDMs were collected, and the expression of
corresponding genes was investigated by RT-qPCR, Western blot and ELISA.

5.11. Statistical analysis

All in vitro experiments were repeated at least three times. All statistical analyses were performed in GraphPad Prism 7 (San Diego,
CA, USA). Student’s t-test, one-way analysis of variance (ANOVA) and two-way ANOVA were used for comparisons. A value of P < 0.05
was considered statistically significant.
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