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Wound healing is a highly conserved process that restores the integrity and functionality of injured
tissues. Transforming growth factor (TGF)-B is a master regulator of wound healing, whose signaling is
attenuated by the E3 ubiquitin ligase Smurf2. Herein, the roles of Smurf2 in cutaneous wound healing
were examined using a murine incisional cutaneous model. Loss of Smurf2 increased early inflammation
in the wounds and led to narrower wounds with greater breaking strength. Loss of Smurf2 also led to
more linearized collagen bundles in normal and wounded skin. Gene expression analyses by real-time
quantitative PCR indicated that Smurf2-deficient fibroblasts had increased levels of TGF-B/Smad3
signaling and changes in expression profile of genes related to matrix turnover. The effect of Smurf2
loss on wound healing and collagen bundling was attenuated by the heterozygous loss of Smad3.
Together, these results show that Smurf2 affects inflammation and collagen processing in cutaneous
wounds by down-regulating TGF-B/Smad3 signaling. (Am J Pathol 2022, 192: 1699—1711; https://

doi.org/10.1016/j.ajpath.2022.08.002)

Wound healing is a complex and dynamic process of
replacing injured tissues and restoring the structural and
functional integrity of the skin. As such, dysregulated
wound healing often leads to unsightly scars and impairs
tissue functions. Wound healing is characterized by a tightly
regulated regenerative fibrotic process that occurs in four
phases: hemostasis, inflammation, proliferation or growth of
new tissue, and maturation or remodeling.’ It is regulated by
multiple signaling pathways, including those of trans-
forming growth factor (TGF)-B and its related factors.”
Clinically, increased TGF-fB signaling is found in hyper-
trophic scars and in keloids.” During wound healing, TGF-
acts on a broad spectrum of cell types. These include ker-
atinocytes, which are responsible for reconstruction of the
cutaneous barrier; fibroblasts, which are responsible for
matrix production; and innate immune cells, largely neu-
trophils and macrophages, which are actively recruited to
the wound at an early stage and secrete multiple cell-
regulatory cytokines, including TGF-B."

TGF-B signals through a complex of type I and type II
membrane-associated receptors.”® The core conduit of
downstream TGF-f signaling consists of three classes of
signal transducers: the receptor-specific R-Smads, Smad2
and Smad3; the common Co-Smad, Smad4; and the inhib-
itory I-Smad, Smad7. Once activated by ligand engagement,
TGF-B type I receptor phosphorylates Smad2 or Smad3 at
its carboxyl terminus and sets forth its binding to Smad4 and
transition into the nucleus, where they control target gene
expression. As a key transducer of TGF-f signaling, the
function of Smad3 is intimately linked to wound healing.
Loss of Smad3 increases re-epithelialization of wounds and
reduces immune infiltration and formation of granulation
tissue in a murine model of wound healing.”

The E3 ubiquitin ligase Smurf2 is a negative regulator of
TGF-B signaling.” 'Y Smurf2 can interact with R-Smads
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that contain a PPxY motif, such as Smad2 and Smad3 in the
TGF-B pathway.®'' Initial reports suggested that these
R-Smads and Smurf2 interactions promote poly-
ubiquitination and degradation of R-Smads. Later studies
revealed that Smurf2 induces multiple mono-ubiquitination
of Smad3 and inhibits the activity of Smad3 without
causing its degradation.'” Smurf2 can also interact with
Smad7 and use it as an adaptor to promote turnover of
ligand-activated TGF-f type I receptors, thereby turning off
the receptor signaling."’

Despite the important roles of Smurf2 in regulating TGF-
B signaling, its physiological function during wound healing
has not been studied. Because Smurf2 exerts a crucial
regulation of several components of the TGF-B pathway, it
may offer a powerful intervening point to fine-tune the
wound healing process. To this end, this study sought to
understand the precise function of Smurf2 in wound healing
by taking advantage of Smurf2 knockout (SF2KO)
mice.'”'* A mouse model of incisional cutaneous wound
healing, was used to show herein that loss of Smurf2 nar-
rows wounds and increases wound breaking strength, both
of which are indicative of an accelerated wound repairing
process. Histologically, Smurf2 knockout led to linearized
collagen bundles in skin and wounds. The effect of Smurf2
loss on wound width and collagen bundling was attenuated
by heterozygous loss of Smad3. Furthermore, fibroblasts
isolated from SF2KO mice had altered expression of genes
associated with matrix turnover and increased collagen gel
contractility and collagenolytic activity than their wild-type
(WT) counterparts. In summary, these results demonstrated
that Smurf2 plays an important role in balancing collagen
production, matrix contraction, and degradation.

Materials and Methods

Animals

Smurf2 knockout (Smurf2~'~; SF2KO) and WT animals on a
mixed 129/Sv] x NIH Black Swiss and pure C57BL/6N
background and Smad3 knockout (Smad3 - ~) animals
(C57BL/6N background) were previously described.'*'*!”
Animals were on a mixed 129/Sv] x NIH Black Swiss
background except when mentioned otherwise in the figure
legend. All mice were maintained and handled according to
protocols approved by the Animal Care and Use Committee
of the National Cancer Institute, NIH.

Cutaneous Wounding

Animals were anesthetized with buprenorphine LAB SR
(0.8 mg/kg, subcutaneously; ZooPharm, Laramie, WY) and
isoflurane (Baxter, Deerfield, IL) by inhalation to effect. The
back of animals was shaved and disinfected with 2%
chlorhexidine (Santa Cruz Animal Health, Dallas, TX)
before wounding. Full-thickness incisional wounds (10 mm)
parallel to the spine were made using a scalpel. The wound
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edges were adapted at the corners of the wound with Prolene
5-0 single-stitch sutures (Ethicon, Cornelia, GA).

Wound Breaking Strength

Wound breaking strength was analyzed with an Instron
5565 Universal Testing Machine (Instron, Norwood, MA)
14 days after wounding on 5-mm—wide skin strips that were
cut perpendicular to the wound.

Histology

Tissues were fixed in 4% neutral-buffered para-
formaldehyde, then dehydrated and embedded in paraffin
using routine procedures. Specifically, to obtain oriented
sections of wounds, skin containing the wound was spread
face up on Whatman paper before formaldehyde fixation.
The fixed tissue was then trimmed to obtain wound-
containing strips perpendicular to the wound and
embedded on edge in paraffin to obtain cross-sections of the
wound. CD45 staining (anti-CD45; number 550539; BD
Biosciences, San Jose, CA) was performed by Frederick
National Laboratory for Cancer Research (Frederick, MD)
using routine procedures. Degraded collagen was visualized
by incubation of deparaffinized sections with 10 pmol/L
Cy3-conjugated collagen hybridization peptide (R-CHP;
3Helix Inc., Salt Lake City, UT) at 4°C overnight. Hema-
toxylin and eosin stainings were performed using routine
procedures (Histoserve, Germantown, MD). To determine
the wound index,](’ skin thickness was measured in four
locations and the wound area was divided by the average
skin thickness: wound index = (wound area)/average (skin
thickness). The wound index, therefore, reflects the average
width of the wound.'®

Isolation of Adult Dermal Fibroblasts

Animals were euthanized and shaved, and dorsal skin was
collected and cut into 1 x 1-mm pieces, which were plated
in tissue culture dishes and fed by dropwise addition of
Dulbecco’s modified Eagle’s medium supplemented with
20% fetal bovine serum, penicillin/streptomycin, and
amphotericin B (all from Thermo Fisher, Grand Island,
NY). Tissues were removed when dermal fibroblasts (DFs)
started to migrate onto the plate, and fibroblasts were from
then on cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum at 37°C in a
humidified atmosphere of 5% CO,.

Isolation of Wound Fibroblasts

Mice were anesthetized as described above, and 8-mm
polyvinyl alcohol sponges (PVA Unlimited, Warsaw, IL)
were implanted in s.c. pockets at the shoulder/lower neck
area and flanks. Mice were euthanized 7 days later, and
sponges were collected under aseptic conditions. For culture
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of wound fibroblasts (WFs), polyvinyl alcohol sponges were
cut into pieces and cultured in Dulbecco’s modified Eagle’s
medium supplemented with 20% fetal bovine serum, peni-
cillin/streptomycin, and amphotericin B. Sponges were
removed when fibroblasts started to migrate onto the plate,
and the medium was switched to Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine serum.

Collagen Gel Contraction Assay

Fibroblasts (1 x 10° cells/mL) were suspended in culture
medium containing 0.75 mg/mL collagen I (Collagen I; high
concentration; Corning, Glendale, AZ); 500 pL cell sus-
pension was added into wells of a 12-well plate, and the
collagen polymerized at 37°C. Once solid, the gel was
overlaid with 200 pL culture medium. After 2 days, the
stressed collagen gel was released from the well wall and
allowed to contract for 1 more day. Images of the gels were
taken, and the area of gels was measured in Fiji 3/Image]
2.1.0/1.53c (https://imagej.net/software/fiji, last accessed
September 24, 2021).

In Situ Zymography

Dye-quenched (DQ) collagen I was dissolved in a concen-
tration of 30 pg/mL in Dulbecco’s phosphate-buffered sa-
line (with Ca®" and Mg®") containing 1% low gelling
temperature agarose, rhodamine-phalloidin (1 U/mL), and
DAPI (0.1 pg/mL) (all from Thermo Fisher). The mixture
was cooled to 60°C and pipetted onto the prewarmed (45°C)
microscopy slide, then the cell-bearing circular coverslip
was flipped onto the agarose drop face down and the as-
sembly was placed on ice. After the agarose had gelled,
samples were incubated at 37°C in a humid chamber for 1 to
2 hours and fixed in 4% neutral-buffered formaldehyde
(4°C; overnight) before imaging.

To inhibit matrix metalloprotease (MMP) activity, cells
were pretreated with the MMP-inhibitor Galardin (10 pmol/L;
also known as Ilomastatin or GM6001; Selleck, Houston, TX)
or an equal volume of dimethyl sulfoxide for 30 minutes, and
Galardin (10 pmol/L) or dimethyl sulfoxide was also added to
the DQ collagen I/phalloidin/DAPI agarose mixture.

Immunofluorescence

Cells were fixed with 4% neutral-buffered para-
formaldehyde (15 minutes; room temperature), and auto-
fluorescence was blocked with 0.1 mol/L glycine (Sigma,
St. Louis, MO) for 10 minutes at room temperature. Cells
were permeabilized with 0.2% Triton X-100 (BioRad,
Hercules, CA) for 15 minutes at room temperature, and
unspecific protein binding was blocked with 0.5% casein
(Sigma) in phosphate-buffered saline. Samples were then
incubated with primary antibodies in 0.05% casein/
phosphate-buffered saline overnight (4°C). Antigens were
visualized by incubation with Alexa 488—conjugated
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secondary antibody in 0.05% bovine serum albumin/
phosphate-buffered saline. Nuclei were labeled with DAPI
(0.1 pg/mL). Specimens were mounted with ImmuMount
(Thermo Fisher). Primary antibodies used were as follows:
Smad2 (number 5339; Cell Signaling Technology, Danvers,
MA) and Smad3 (number 28379; Abcam, Waltham, MA).

Microscopy

Specimens were imaged using a Keyence inverse micro-
scope (Keyence, Itasca, IL), Aperio/Halo (Leica Bio-
systems, Deer Park, IL; and IndicalLabs, Albuquerque, NM),
or a Leica SP8 confocal microscope (Leica Biosystems) and
analyzed in HALOLink 3.3.14993.118 (IndicalLabs) or Fiji
3/ImageJ 2.1.0/1.53c (https://imagej.net/software/fiji, last
accessed September 24, 2021). Collagen anisotropy was
analyzed with the FibrilTool."’

Two-photon microscopy was performed using an inverted
laser-scanning two-photon microscope (MPE-RS; Olympus,
Center Valley, PA) equipped with a tunable laser (Insight
DS+; Spectra Physics, Santa Clara, CA) and an Olympus
USPLAPO 30x (numerical aperture, 1.05) silicone oil
objective. Acquisition was performed using a galvo scanner.
Excitation was performed at 900 nm, and the emitted light
was collected by an appropriate set of mirrors and filters on
three detectors (bandpass filters: blue = 410 to 460 nm;
green = 495 to 540 nm; and red = 575 to 645 nm). Images
were analyzed using Fiji 3/ImageJ 2.1.0/1.53c.

Gelatin Zymography

To assess MMP activity, Brij35 (Sigma) was added to cell-
free culture supernatants to a concentration of 0.02% and
samples were stored at —20°C before electrophoresis under
nonreducing conditions using 8% or 10% polyacrylamide
gels containing 0.1% gelatin (Fluka Chemie, Buchs,
Switzerland). Gels were washed in 2.5% Triton X-100,
followed by overnight incubation in 1% Triton X-100, 5
mmol/L. CaCl,, 1 pmol/L ZnCl,, and 50 mmol/L Tris/HCl
(pH 7.4); MMP activity was visualized by Coomassie Blue
staining.

RNA Isolation and Real-Time Quantitative RT-PCR (RT-
qPCR)

Fibroblasts were seeded at 500,000 cells/60-mm dish and
allowed to grow for 3 days. RNA was isolated using the
RNAEasy Plus Minikit (Qiagen, Germantown, MD) with a
15-minute DNAase digest (RNase-Free DNase Set; Qia-
gen), according to the manufacturer. For RT-qPCR, 0.5 to 2
ng RNA was transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher), according to the
manufacturer’s instructions, and RT-qPCR was performed
using the Power SYBR Green PCR Master Mix (Thermo
Fisher) and specific primers (Table 1).
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Table 1  Primers Used

Primer name Primer sequence

Mouse_Ccn2_476_F
Mouse_Ccn2_585_R
Mouse_Ccn4_107_F
Mouse_Ccn4_243_R

5'-AGAACTGTGTACGGAGCGTG-3’
5'-GTGCACCATCTTTGGCAGTG-3’
5'-CAGCACCACTAGAGGAAACGA-3’
5'-CTGGGCACATATCTTACAGCATT

- 3'
Mouse_Col15a1_3053_F 5'-AAGGGTGCCAAAGGAGATCG-3’
Mouse_Col15a1_3211_R 5'-AGCGGTACCAACTGGTGTTT-3’
Mouse_Col18a1_4228_F 5'-TCTATAGCATCGTGCGCCGT-3’
Mouse_Col18a1_4460_R 5'-GTAACTCTCCATCAGCCTCCG-3’

Mouse_Lox_255_F
Mouse_Lox_371_R
Mouse_Mmp2_105_F
Mouse_Mmp2_275_R
Mouse_Mmp3_1382_F
Mouse_Mmp3_1451_R
Mouse_Mmp9_136_F
Mouse_Mmp9_364_R

Mouse_Mmp13_24_F

Mouse_Mmp13_196_R
Mouse_P4ha1_1086_F
Mouse_P4hal_1156_R

Mouse_Plod2_225_F
Mouse_Plod2_337_R

Mouse_Timp3_550_F
Mouse_Timp3_679_R
Mouse_Tnc_4673_F
Mouse_Tnc_4664_R
Mouse_Serpinel
(Pai-1) _F
Mouse_Serpinel
(Pai-1) _R
Mouse_UBC_54_F
Mouse_UBC_123_R
Mouse_Fn1

5/ -TCTTCTGCTGCGTGACAACC-3’
5'-GAGAAACCAGCTTGGAACCAG-3’
5'-CAAGTTCCCCGGCGATGTC-3'
5'-TTCTGGTCAAGGTCACCTGTC-3’
5'-GACTCAAGGGTGGATGCTGT-3’
5'-CCAACTGCGAAGATCCACTG-3’
5'-GCAGAGGCATACTTGTACCG-3’
5'-TGATGTTATGATGGTCCCACTTG
-3/
5'-CTTCTTCTTGTTGAGCTGGACTC
— 3'
5/ -CTGTGGAGGTCACTGTAGACT-3'
5'-AGCCACCATTTCAAACCCAGT-3'
5'-GCCAAGCACTTTTGCTAATTCTG
-3/
5'-GAGAGGCGGTGATGGAATGAA-3'
5'-ACTCGGTAAACAAGATGACCAGA
-3/
5'-CAACTCCGACATCGTGATCC-3’
5'-CACGTGGGGCATCTTACTGA-3’
5/ -TTCACAGTTTCCTGGACGGC-3’
5'-TGTTTGGTGCCCTTGAGTGA-3’
5'-CCCTGGCCGACTTC-3’

5'-ACCTCGATCCTGAC-3’

5'-CCACACAAAGCCCCTCAATC—3’

5'-AAAGATCTGCATCGTCTCTCTC—3'

QuantiTect QT00136758 (Qiagen)

F, forward; R, reverse.

Data Analysis

Data were analyzed with GraphPad Prism 9.3.1 (GraphPad,
San Diego, CA) using appropriate tests, as indicated.
Briefly, the following were used: two samples, #-test; three
or more samples, gaussian distribution: analysis of variance.

Results

Loss of Smurf2 Accelerates Early Phase of Wound
Healing Process

To examine the effect of Smurf2 on wound healing, the full-
thickness cutaneous incisional wound model was applied to
the SF2KO and WT control mice and the wound healing
process was followed thereafter. Three days after dermal
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incision, the wounds appeared to heal faster in SF2KO mice
than in WT control mice, as evident by the narrower wounds
on inspection of hematoxylin and eosin—stained skin sections
(Figure 1A). By 14 days, wounds in SF2KO mice formed a
narrow band, reminiscent of a tornado funnel (Figure 1A),
and again were narrower than in WT animals. To statistically
assess this observation, the wound index that reflects the
width of the wound was calculated. SF2KO mice had a
significantly lower wound index than their WT counterparts
(Figure 1B). The difference in the wound index between
SF2KO and WT mice gradually tapered toward the end of the
14-day experimental period as the healing process in the WT
mice slowly caught up with that of SF2KO mice (Figure 1B).

Inflammation, the second phase of the wound healing
response, is characterized by infiltration of neutrophils,
macrophages, and lymphocytes, which are crucial for
clearance of invading microbes and cellular debris, and
subsequent formation of granulation tissues.'® TGF-B/
Smad3 signaling has been shown to promote migration of
inflammatory cells into the wound.” On hematoxylin and
eosin—stained sections, the area infiltrated with immune
cells was wider in SF2KO mice than in WT controls 3 days
after wounding (Figure 1A). This observation was corrob-
orated by immunostaining of sections with the pan-immune
cell marker CD45 (Figure 1A). Quantification of the infil-
tration of immune cells around the wound area as a surro-
gate measure of inflammation showed that inflammatory
infiltration around the wound area was wider in SF2KO
mice 3 days after wounding (Figure 1C). Immune infiltra-
tion around the wound was resolved at 14 days, but a trend
toward a wider area around the wound being infiltrated in
SF2KO wounds persisted (Figure 1C).

Smurf2 Regulates Stromal Strength and Collagen
Morphology

Because SF2KO wounds healed fast, the stromal strength of
wounds was examined next by measuring wound breaking
strength with a universal testing machine at the end of 14-day
experimental period. The results showed a trend of increased
wound breaking strength for SF2KO mice compared with
their WT counterparts, suggesting a more stable scar forma-
tion on loss of Smurf2 (Figure 2A). Interestingly, the
increased wound breaking strength was more striking in the
female SF2KO mice, possibly due to an intrinsic higher
breaking strength in WT male mice (Figure 2A). The trend of
increased breaking strength associated with Smurf2 loss was
also present in normal skin and again was statistically sig-
nificant in female mice (Figure 2A). These results indicate
that the increase in wound breaking strength and narrower
wounds, which are associated with loss of Smurf2, are likely
caused by changes in underlying skin properties.

Early on during wound healing, granulation tissues are
well demarcated, and the morphology of the deposited
collagen is immature as it bundles to align in parallel. As the
wound heals, collagen is organized in a basket-weave pattern,
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Figure 1 Smurf2 loss leads to narrower wounds with increased inflammatory infiltration. A: Full-thickness dermalincisional wounding leads to narrower wounds in
SF2KO mice compared with WT mice. Top panels: Hematoxylin and eosin (H&E) staining sections of wounds 3, 7, and 14 days after wounding are shown, and wound
widths are indicated by double-pointed arrows. Bottom panels (first row): CD45 immunohistochemistry of wounds 3 and 14 days after wounding. Areas with
inflammatory infiltration are indicated by double-pointed arrows. Bottom panels (last row): The marked areas are shown in higher magnification. B: Analysis of H&E
images using the wound index (wound index = wound area/skin thickness). C: Inflammatory infiltration around wounds is wider in SF2K0 animals than in WT animals.
The data represent the average width (radius) of inflammatory infiltration around the wound. B and C: Medians are connected by red dashed lines. Data are given as
median + interquartile range (B and C). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars: 500 pum [A, top and bottom (first row) panels]; 100 um [A, bottom
panels (last row)].

and its orientation and bundling are adapted to suit the local loss on collagen morphology in skin adjacent to wounds was
mechanical stresses on the skin.'’ Because SF2KO wounds examined next. WT skin showed the basket-weave
tended to have higher breaking strength, the effect of Smurf2 morphology of mature collagen (Figure 2B). In contrast,
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Figure 2  Smurf2 loss leads to increased wound breaking strength and anisotropy of collagen bundles. A: Wound and skin breaking strength is higher in SF2K0 mice
than in WT mice. Wound and skin breaking strength were measured using a Universal testing machine. Medians are connected by red dashed lines. B: Left panels:
Hematoxylin and eosin (H&E) staining of normal skin adjacent to the wound shows linearization of dermal collagen bundles. Right panels: The marked areas are shown
at higher magnification. For easier visibility, the channels were split, and the blue channel was converted to grayscale and color inverted. FibrilTool was used to
determine the anisotropy index (ai). C: Two-photon microscopy shows higher collagen linearization in ears of SF2K0 animals. Images of mouse ears were taken at the
level of the hair follicle, and the anisotropy index was obtained. D: Smurf2 loss leads to higher anisotropy of collagen bundles in the subdermal wound tissue. To analyze
anisotropy, channels of the H&E images shown in Figure 1A were split, and the blue channel was converted to grayscale and color inverted. Data shown as
median =+ interquartile range (A). *P < 0.05, ***P < 0.001 (unpaired t-test). Scale bars: 100 um (B, left panels, and C); 50 um (B, right panels); 250 um (D).

collagen bundles in SF2KO skin appeared coarser and more anisotropy of collagen bundles in SF2KO skin adjacent to the
linear. Indeed, analysis of hematoxylin and eosin—stained wound (Figure 2B), and two-photon microscopy of mice ears
sections with  Imagel/FibrilTool'”  revealed  higher also showed higher anisotropy of collagen bundles in SF2KO
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Figure 3 Smurf2 loss changes fibroblast properties. Az Smurf2 loss leads to increased contractility of fibroblasts, as shown in collagen gel contraction assay.
Cells were seeded in collagen gels and allowed to form a stressed matrix, which was released after 2 days. The size (area) of the collagen gel was measured 1 day
later. Medians are connected by red dashed lines. B: Gelatin zymography of culture supernatant shows increased levels of matrix metalloprotease (Mmp) 9/pro-
Mmp9 in SF2K0 dermal fibroblast (DF) and wound fibroblast (WF) cultures compared with the respective wild-type (WT) cells. C and D: The MMP-inhibitor Galardin
(10 umol/L) reduces gelatinolytic activity of DFs (C) and WFs (D) compared with the dimethyl sulfoxide (DMSO)—treated controls. Cells were pretreated with DMSO
or Galardin before visualization of collagenolytic activity by in situ zymography DQ collagen I. E and F: SF2KO DFs (E) and WFs (F) have higher collagenolytic
activity than in the respective WT cells, as shown by in situ zymography using DQ collagen. For quantification, 4 or 5 fields were imaged for each cell line. G:
Visualization of denatured collagen using the collagen hybridization peptide R-CHP. Cross-sections of wounds show increased denatured collagen levels in areas
surrounding the wound, most prominently the subdermal tissue, in SF2K0 wounds 3 days after wounding. After 14 days, areas with increased denatured collagen
levels remain in the subdermal tissue of WT wounds, whereas the SF2K0 tissue shows little signal. Arrows indicate areas with increased R-CHP binding. Data shown
as median =+ interquartile range (A). *P < 0.05, ****P < 0.0001 (unpaired t-test). Scale bars: 100 um (C—F); 500 um (G). AU, arbitrary unit.
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Figure 4

A—D: Loss of Smurf2 changes expression of genes related to matrix turnover and cell contractility, as determined by RT-qPCR. Ubiquitin C (Ubc)

expression was used for normalization. Medians are connected by red dashed lines. Data shown as median + interquartile range (A—D). *P < 0.05,
**P < 0.01 (unpaired t-test). Ccn4, cellular communication network factor 4; Collal, collagen type I alpha 1; Col15al, collagen type 15 alpha 1; Col18a1,
collagen type 18 alpha 1; Fn, fibronectin; Lox, lysyl oxidase; Mmp, matrix metalloprotease; P4ha1, prolyl 4-hydroxylase subunit alpha 1; Plod2, procollagen-
lysine,2-oxoglutarate 5-dioxygenase 2; Timp, tissue inhibitor of metalloproteinases; Tnc, tenascin C; Wisp1, WNT1 inducible signaling pathway protein 1.

skin compared with WT skin (Figure 2C). Furthermore,
collagen bundles in the prominent s.c. wound tissue 14 days
after wounding had higher anisotropy in SF2KO mice
(Figure 2D). Thus, loss of Smurf2 led to changes in cuta-
neous collagen morphology, which could contribute to the

increased wound breaking strength.

1706

Smurf2 Regulates Fibroblast Contractility and
Collagenolysis

Having shown that Smurf2 regulates wound healing and

collagen morphology, the next step was to determine if
these effects might be mediated by higher contractility of
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Figure 5  Haplo-insufficiency of Smad3 in C57BL/6N animals attenuates effects of Smurf2 loss on wound and collagen morphology. A: Loss of Smurf2
increased expression of transforming growth factor-B/Smad3 target genes, Serpinel and Ccn2, as determined by RT-gPCR. Ubc expression was used for
normalization. Unpaired t-test was used. Medians are connected by red dashed lines. B: Smurf2 loss increases nuclear localization of Smad3 but not Smad2.
Left panels: Localization of Smad2 and Smad3 was visualized by immunofluorescence. Right panels: DAPI label was used to identify the nuclear region, and
the ratio of fluorescence intensity of nuclear Smad/total Smad fluorescence in the imaging field was calculated. Black dotted lines indicate the highest
median Smad3 and Smad2 expression in WT samples. C: Hematoxylin and eosin staining of wounds 7 days after wounding shows that wounds of SF2K0/
Smad3*/~ mice are as wide as wounds of WT animals, whereas wounds in SF2K0 animals are narrower. D: The wound index was used to quantify wound width.
One-way analysis of variance was used. Medians are connected by red dashed lines. E: Haplo-insufficiency of Smad3 attenuates the effect of Smurf2 loss on
collagen linearization in normal skin adjacent to the wound. Anisotropy was analyzed as in Figure 2, and anisotropy index (ai) was measured using FibrilTool.
F: Visualization of denatured collagen using the collagen hybridization peptide R-CHP in wound sections at day 7 after wounding. Data shown as
median =+ interquartile range (A and D). *P < 0.05, **P < 0.01. Scale bars: 50 um (B, left panels); 500 um (C and F); 100 pum (E). AU, arbitrary unit; Ccn-2,
cellular communication network factor-2; Ctgf, connective tissue growth factor; Pai-1, plasminogen activator inhibitor-1; rU, relative unit.

fibroblasts and if Smurf2-deficient fibroblasts more readily sponges. To determine fibroblast contractility, collagen
turn over collagen. Toward this end, normal DFs were contraction assays (Figure 3A) were performed. Both DFs
isolated from unwounded normal skin and WFs were iso- and WFs derived from SF2KO mice caused stronger
lated from subcutaneously implanted polyvinyl alcohol contraction of the collagen I gels than their WT counterparts
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Figure 6  Role of Smurf2 in wound healing. Briefly, Smurf2 is known to
inhibit Smad3 transcriptional activity. Removal of Smurf2 leads to
increased Smad3-mediated transforming growth factor (TGF)-B signaling.
This results in changed expression of genes related to collagen processing
and matrix metalloprotease (MMP) activity, which, in turn, causes linear-
ization of cutaneous collagen and contraction. Consequently, the changes
orchestrated by the removal of Smurf2 are beneficial to wound healing as
expressed in narrower wounds with higher stromal strength.

(Figure 3A). Gelatin zymography was next used to detect
gelatinase (Mmp-2 and Mmp-9) activity in cell-free culture
supernatants. Mmp-9 levels were higher in SF2KO fibro-
blast cultures than in WT cultures (Figure 3B). In situ
zymography with DQ collagen type I was performed to
localize and detect collagenolytic activity of fibroblasts. In
this assay, an increase of fluorescence directly reflects the
level of collagenolytic activity of fibroblasts. As shown in
Figure 3, C and D, both DFs and WFs degraded collagen
type 1. Collagen degradation was inhibited by the MMP-
inhibitor Galardin, as indicated by the lower fluorescence
on Galardin treatment. More importantly, SF2KO fibroblasts
had higher collagenolytic activity than WT fibroblasts
(Figure 3, E and F). Lastly, the collagen hybridization
peptide R-CHP was used to detect denatured collagen in
histologic specimens (Figure 3G). At day 3 after wounding,
the subdermal tissue of SF2KO displayed higher levels of
denatured collagen than that of WT controls (Figure 3G).
After 14 days, however, little degraded collagen in the
subdermal tissue around SF2KO wounds was observed,
whereas the subdermal tissue around WT wounds still
contained streaks of denatured collagen around WT scars
(Figure 3G), indicating accelerated clearance of reactive
tissue and wound healing in SF2KO animals. Thus,
increased cell contractility and collagen degradation may
account for the accelerated wound healing observed in
SF2KO mice.

1708

Smurf2 Regulates Gene Expression Related to Matrix
Turnover and Contractility

Because SF2KO fibroblasts exhibited increased contractility
and collagenolytic activity, such changes could also be re-
flected by changes in gene expression activities related to
matrix turnover and cell contractility. Indeed, RT-qPCR
showed that expression of Mmp2, Mmp3, Mmp9, and
Mmpl3 was slightly increased in SF2KO WFs (Figure 4A).
Notably, Timp3, a TGF-B/Smad3—regulated MMP inhibi-
tor,”*" was also expressed higher in SF2KO WFs than in
WT cells (Figure 4A). Thus, although collagenolytic activity
was increased in SF2KO WFs, the activity of MMPs in vivo
likely depends on the local balance of activation and inhi-
bition of MMPs.

Expression of collagen type 1 (Collal) was also slightly
increased in SF2KO WFs (Figure 4B), but collagen types 2
and 3 were mostly unchanged (data not shown). In addition,
Smurf2 loss increased expression of genes involved in
collagen processing. Expression of P4hal, Lox, and Plod?2,
which are enzymes involved in post-translational processing
of the nascent collagen and in collagen cross-linking, was
increased in SF2KO WFs (Figure 4B).”"?° In addition,
expression of Ccn4 (Wispl), an extracellular protein that
recently has been shown to cause collagen linearization and
scarless skin healing,z(’ was increased and thus may account
for the increased collagen linearization observed herein.

Other differentially expressed genes were Coll8al and
Coll5al (Figure 4C). Both Coll8al and Coll5al were
down-regulated in SF2ZKO WFs. Collagen 18 and collagen
15 are basement membrane collagens and yield degradation
products, restin and endostatin, with anti-angiogenic prop-
erties.”” Coll18al knockout in mice has been associated with
slightly faster wound closure,” which might contribute to
smaller wound index observed in SF2KO animals (Figure 1,
A and B). Tenascin C (Tnc) is an adhesion-modulating
extracellular protein that is expressed early during wound
healing and can bind to the extracellular glue fibronectin®’
as well as integrins. As such, it can change cell spreading
as well as signaling.”’ Lastly, expression of Tnc and fibro-
nectin (Fnl) was increased in SF2ZKO WFs compared with
that of WT WFs (Figure 4D).

Taken together, loss of Smurf2 in WFs results in broad
changes in matrix protein expression, which might lead to
collagen linearization and increased cell contractility, as
observed in SF2KO fibroblasts in vitro as well as SF2KO
mice in vivo.

Haplo-Insufficiency of Smad3 Attenuates Changes
Associated with Smurf2 Loss

Timp3, Tnc, and Fnl are known TGF-B—inducible
genes”*'~** (Figure 4D). To further clarify whether TGF-p/
Smad3 signaling is activated in SF2KO WFs, expression of
classic TGF-f/Smad3—inducible genes, Serpinel (alias Pai-
1) and Ccn2 (alias Ctgf), was additionally analyzed. Both of
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these well-characterized TGF-/Smad3 transcriptional target
genes were expressed higher in SF2ZKO WFs compared with
WT WFs (Figure 5A). Furthermore, immunofluorescence
showed higher nuclear localization of Smad3 but not of
Smad2 in DFs and WFs (Figure 5B). These results indicate
that loss of Smurf2 leads to increased TGF-B/Smad3
signaling in fibroblasts.

To study whether the effect of Smurf2 on wound healing
and collagen linearization is mediated by Smad3 signaling,
one copy of Smad3 gene was removed from SF2KO mice
by breeding SF2KO mice with Smad3™~ mice. Because
Smad3 knockout (Smad3~'~) mice were unhealthy and did
not live long enough to allow for experimentation,'”
SF2KO/Smad3™~ mice were used in the full-thickness
cutaneous incisional wound model. Seven days after the
incision, the width and wound indexes of wounds in
SF2KO/Smad3™~ and WT mice were comparable but
larger or higher than those of the SF2KO wounds
(Figure 5, C and D). Furthermore, reducing Smad3 gene
dosage attenuated the collagen linearization seen in un-
wounded normal skin of SF2KO mice (Figure 5E). Use of
R-CHP revealed higher levels of denatured collagen in WT
and SF2KO/Smad3"~ wounds compared with SF2KO
wounds 7 days after wounding, indicating faster healing of
SF2KO wounds (Figure 5F). These data indicate an
important role of Smad3 in mediating the regulatory
function of Smurf2 in wound healing.

Discussion

Wound healing is a highly conserved and tightly regulated
response to trauma.' Poorly healed wounds are not only a
cosmetic problem but rather can impair tissue functionality.
Clinically, a narrow wound with greater breaking strength is
highly desirable. TGF-$ is a master regulator of wound
healing and tissue fibrosis. Previous research has shown that
the TGF-B—signaling protein Smad3 mediates inflammatory
infiltration of wounds and granulation tissue formation.’
The data presented herein show that loss of Smurf2 via
increased TGF-B/Smad3 signaling affects wound healing
process by broad but subtle changes of expression of genes
related to matrix production, turnover, and cell contractility,
ultimately leading to narrower wounds and increased wound
breaking strength (Figure 6).

Smurf2 is an E3 ubiquitin ligase that, among other sub-
strates, ubiquitinates proteins of the TGF-f signaling family.
Smurf2 inactivates Smad3 and thus gauges its activity;
consequently, loss of Smurf2 can lead to increased Smad3
activity.12 On a cellular level, TGF-B stimulation leads to
myofibroblastoid differentiation of stromal cells and deposi-
tion of cellular matrix in tumors and wounds.™ TGF-B/
Smad3 signaling has been shown to increase granulation
tissue formation and inflammatory infiltration in the previous
study using an Smad3 knockout mouse model,”* which
matches the observation herein that loss of Smurf2 increases
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wound breaking strength. However, narrower wounds caused
by Smurf2 loss are counterintuitive to increased granulation
tissue formation. It is possible that an earlier deposition of
granulation tissue and altered qualities of the deposited
collagen account for a different wound morphology.

Indeed, loss of Smurf2 leads to linearization of collagen
(Figures 2 and 3). Mechanistically, TGF-B/Smad3 signaling
is known to stimulate type I and type III collagen expres-
sion,” but has also been shown to up-regulate Timp3,
Mmp2, and Mmp9, and to down-regulate the collagenase
Mmp1.7°%° 7 Furthermore, TGF-B signaling regulates en-
zymes involved in collagen processing, like Lox and
Plod,"”* and the matrix protein Ccn4 (Wispl), which has
been recently described to change collagen linearization.”®
Herein, higher expression of Lox and Plod2 as well as
Ccn4 was seen in SF2KO animals, making it likely that
these enzymes are involved in collagen processing and
specifically in the observed collagen linearization in the
SF2KO mouse model. Interestingly, denatured collagen was
initially higher, especially in the subdermal tissue adjacent
to the wound in SF2KO animals, but later was cleared faster,
pointing toward an accelerated wound healing in these an-
imals (Figure 3G and Figure 5F).

Clinically, TGF-B/Smad3 signaling is increased in hy-
pertrophic scars and keloids as well as in fibrotic
tissues.™ " Smurf2 is up-regulated in hypertrophic scar
fibroblasts derived from burn wounds.”® In this model,
increased Smurf2 leads to increased Smad7 degradation
and subsequently to increased TGF-B signaling activity,*’
and down-regulation of Smurf2 by siRNA reduced
collagen and smooth muscle actin expression.”® In
contrast, the results presented herein show that haplo-
insufficiency of Smad3 at least partially reversed the
wound healing phenotype induced by Smurf2 loss, indi-
cating that the effects of Smurf2 on wound healing are
Smad3 dependent. These observations imply that Smurf2
might act on wound healing via two distinct and possibly
competing mechanisms: it increases TGF-B signaling by
Smad7 degradation, and it decreases TGF-B signaling by
Smad3 inactivation. The data imply that a release of
Smurf2 inhibition on Smad3 during early stages of wound
healing leads to more favorable results, as measured by
wound width and breaking strength, whereas later during
chronic hypertrophic phase, Smurf2 might drive matrix
deposition and contractures by releasing TGF-p signaling
at the receptor level.

In summary, loss of Smurf2 leads to Smad3-dependent
changes in collagen morphology in unwounded normal
skin, and subsequently increased wound breaking strength
with decreased scarring after wounding. Clinically,
manipulating Smurf2 E3 ligase activity might therefore be
an attractive approach to optimize healing of wounds and
scar formation. Analyzing the exact biochemical mecha-
nism by which Smurf2 affects changes in matrix expres-
sion and scarring will likely reveal several co-operating
signaling pathways and will be the subject of future work.
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