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Engrailed-1 inactivation leads to scarless L)
skin wound healing through extracellular

matrix remodeling

Hypertrophic scar and keloid are a major medical problem,
which may lead to disfigurement, growth restriction, and
permanent loss of function, causing severe physical, psy-
chological, and economic burdens. ' When skin injury occurs,
the wound heals through a dynamic series of physiological
events, including blood clotting, granulation tissue forma-
tion, re-epithelialization, and extracellular matrix remod-
eling.? However, the newly formed extracellular matrix in a
scar may never achieve the flexibility or strength of the
original tissue. Prior studies have suggested that the fibrotic
process that occurs after skin injury may be mediated by a
specific lineage of scar-prone fibroblasts in the dermis, which
are responsible for scar deposition, namely engrailed-1 (EN-
1) lineage-positive fibroblasts (EPFs).3 EN-1 is a transcription
factor and plays an important role in embryonic develop-
ment. In most cell types, EN-1 expression is limited to em-
bryonic development. However, under pathological
conditions, EN-1 can be re-expressed to promote phenotypic
adaptation.” The mechanical signaling factor YAP is associ-
ated with EPFs, establishing a link between mechanical
transduction and fibrosis. Recent studies have demonstrated
that EPFs play a key role in scar formation and that inhibition
of YAP/EN-1 could restrict the formation of scar.’ However,
as a downstream transcriptional factor of the YAP/TAZ
pathway, EN-1’s role in the pathological activation of fibro-
blasts and scar formation remains unclear. In this study, we
investigated whether inhibition of EN-1 expression would be
sufficient to suppress TGFB1-induced fibroblast activation,
extracellular matrix production, and scar formation in a skin
injury model.

First, we demonstrated that the expression of EN-1 was
significantly higher in mouse skin wound dermis than in
normal skin (Fig. S1A). Since transforming growth factor
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beta 1 (TGF-B1) is a key factor in fibroblast activation in
fibrotic diseases, leading to fibroblast differentiation into
myofibroblasts, we used the recombinant adenovirus Ad-
TGF-B to infect mouse dermal fibroblasts (mDFs) with high
efficiency (Fig. S1B, panel a) and demonstrated that TGF-
B1-stimulated mDFs exhibited a high level of En-1 expres-
sion at 48 h compared with that treated with Ad-RFP
as assessed by touchdown quantitative PCR (Fig. S1B,
panel b).

We next constructed a recombinant adenovirus
expressing En-1-targeted siRNAs (namely Ad-simEnt). We
showed that the Ad-simEn1 effectively transduced mDFs
and knocked down En-1 expression (Fig. S1C, panels a & b).
Touchdown quantitative PCR analysis showed that Ad-
simEn1-mediated silencing of En-1 expression in the Ad-
TGF-B1-transduced mDFs significantly inhibited the
expression of scar formation-related genes, including Pro-
filin1, Prdx1, Lgals1, and Calr (Fig. S1D). Furthermore, we
found that F-actin was significantly down-regulated after
Ad-simEn1 treatment in mDFs by phalloidin staining
(Fig. S1E). Through scanning electron microscopy analysis,
we further observed that the reticular fibers of the extra-
cellular matrix derived from the Ad-simEn1-transduced
TGFB1-stimulated mDFs were significantly reduced and
loosely organized (Fig. 1A, panel a). Furthermore, immu-
nofluorescence staining analysis revealed that the expres-
sion of fibronectin (FN-1), collagen type | alpha 2 chain
(COL1A2), collagen type Ill alpha 1 chain (COL3A1), and
fibrinogen (FIB) proteins was significantly down-regulated
in the extracellular matrix of mDFs transduced by Ad-
simEn1 (Fig. 1A, panel b), while no changes in the expres-
sion level were found in SPARC, TSP, and TNC (Fig. S1F).

After extensive purification of adenoviruses Ad-RFP and
Ad-simEn1 (Fig. S1G), we further built a rabbit ear skin
wound healing model, followed by treatment with Ad-
simEn1 or Ad-RFP. Gross images of the healing wounds were
taken at multiple time points, up to two weeks. The
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Figure 1  Ad-simEn1 suppresses extracellular matrix production in TGF-B1-activated mDFs in vitro and keloid formation in the
rabbit ear skin injury model in vivo. (A) Scanning electron microscopy was used to assess the ultrastructures of decellularized
extracellular matrix (a), and immunofluorescence staining was used to assess the expression of FN-1, COL1A2, COL3A1, and FIB in
extracellular matrix after 7 days (b). (B) The adult rabbits had full-thickness skin wounds on the ventral side of the ears, and the
operated rabbits were randomly divided into two groups and treated with Ad-simEn1 or Ad-RFP. The wounds were documented and
measured on days 0, 4, 8, 10, 12, and 14 after treatment. **P < 0.01, Ad-simEn1 group versus Ad-RFP group (a & b). (C) Hematoxylin
and eosin staining and Masson’s trichrome staining of skin wound tissue after 14 days (a) and the scar elevation index was
calculated from hematoxylin and eosin staining. **P < 0.01, Ad-simEn1 group versus Ad-RFP group (b). (D) Immunohistochemistry
staining of EN-1, FN-1, FIB, COL1A2, and COL3A1 was used to evaluate the expression of extracellular matrix in retrieved samples
from the rabbit ear skin injury model shown in Figure 1. Representative images are shown. Ad-simEn1, a recombinant adenovirus
that expresses En-1-targeted siRNAs; Ad-RFP, a recombinant adenovirus that expresses red fluorescent protein; mDFs, mouse
dermal fibroblasts; TGF-B1, transforming growth factor beta 1; FN-1, fibronectin; EN-1, engrailed-1; FIB, fibrinogen; COL1A2,
collagen type | alpha 2 chain; COL3A1, collagen type lll alpha 1 chain; NC, negative control.



Rapid Communication

surfaces of the healing sites in the Ad-simEn1 group were
significantly flatter, while apparent protruding scars were
observed on the skin surfaces in the Ad-RFP group (Fig. 1B,
panels a & b). Both hematoxylin and eosin staining and
Masson’s trichrome staining analyses revealed much fewer
dermal fibroblasts and lower collagen deposition above the
cartilage layer in the Ad-simEn1 group than those in the Ad-
RFP control group (Fig. 1C, panel a). We also found that the
scar elevation index value in the Ad-simEn1 group was
almost 2 and significantly lower than that of the control
group (Fig. 1C, panel b; Fig. S1H), indicating that the scar
formation can be effectively inhibited by Ad-simEn1-
mediated silencing of En-1 expression at the skin wound
sites. Immunohistochemistry staining analysis showed that
EN-1, FN-1, FIB, COL1A2, and COL3A1 were significantly
down-regulated when EN-1 functions were inhibited by Ad-
simEn1-mediated silencing (Fig. 1D).

In conclusion, we blocked EN-1 with siRNAs in vitro and
in vivo and discovered that knockdown of EN-1 suppressed
activation of fibroblasts to promote scarless wound healing
through down-regulating the expression of scar formation-
related genes, especially for extracellular matrix, the ul-
trastructure became loose, and major protein components
FN-1, FIB, COL1A2, and COL3A1 decreased. Collectively,
our findings supplement the functions and mechanisms of
EN-1 in the extracellular matrix of dermal fibroblasts,
providing new insights for clinical approaches to prevent
and reduce scar formation.
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