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Abstract

Skin scarring, the end result of adult wound healing, is detrimental to tissue form and function.
Engrailed-1 lineage—positive fibroblasts (EPFs) are known to function in scarring, but Engrailed-1
lineage—negative fibroblasts (ENFs) remain poorly characterized. Using cell transplantation

and transgenic mouse models, we identified a dermal ENF subpopulation that gives rise to
postnatally derived EPFs by activating Engrailed-1 expression during adult wound healing.

By studying ENF responses to substrate mechanics, we found that mechanical tension drives
Engrailed-1 activation via canonical mechanotransduction signaling. Finally, we showed that
blocking mechanotransduction signaling with either verteporfin, an inhibitor of Yes-associated
protein (YAP), or fibroblast-specific transgenic YAP knockout prevents Engrailed-1 activation
and promotes wound regeneration by ENFs, with recovery of skin appendages, ultrastructure,
and mechanical strength. This finding suggests that there are two possible outcomes to postnatal
wound healing: a fibrotic response (EPF-mediated) and a regenerative response (ENF-mediated).

As a part of the wound-healing process, adult skin generally develops fibrotic scar tissue.
Scars differ from normal skin in that they lack dermal appendages (hair follicles, glands,
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etc.); are characterized by fibrotic extracellular matrix (ECM) with dense, parallel fibers
(versus the “basket-weave™ pattern that gives skin its flexibility and strength); and, because
of this altered fiber structure, are weaker than unwounded skin. Scarring can cause
disfigurement, growth restriction, and permanent functional loss (1-5), ultimately costing
the US more than $20 billion every year; the cost worldwide is likely much higher (6, 7).
A scar-preventing therapy should restore appendages, normal matrix structure, and strength
comparable to those of unwounded skin (8, 9). Despite decades of research, wound healing
without scarring has not been achieved.

To advance our understanding of scarring and develop new therapies, it is important to
identify cell populations associated with scarring. It is generally believed that fibroblasts,
which synthesize and organize ECM, are key mediators of scarring. Previously, we reported
that the dorsal mouse dermis contains at least two distinct fibroblast lineages: Engrailed-1
(En1) lineage—negative fibroblasts (ENFs) and £n1 lineage—positive fibroblasts (EPFs) (10).
Enl-expressing fibroblasts emerge during normal development in utero. These cells and
their progeny, termed embryonic £n1-positive fibroblasts or eEPFs, cease to express £n11

in homeostatic postnatal skin (10). Although EPFs predominate in wounds (10), it is not
known whether they are derived from expansion of eEPFs already present in skin or

arise de novo by activating £n1 expression in ENFs within wounds (postnatally derived
EPFs, pEPFs). Using fibroblast transplantation and genetic tracing to spatiotemporally
explore Enl expression, we have identified an ENF subpopulation that generates pEPFs

by activating £n1 expression within wounds. By modulating substrate mechanics in vitro
and in vivo, we show that tension drives £n1 activation via canonical mechanotransduction
(i.e., YAP) signaling. Finally, we demonstrate that YAP inhibition or genetic knockout
blocks £n1 activation in wounds, yielding ENF-mediated regeneration with recovery of
secondary skin elements (hair follicles and glands), ECM architecture, and tensile strength
indistinguishable from those of unwounded skin. Our findings shed light on the origin of the
specific fibroblasts involved in scarring and molecular pathways driving fibrosis, suggesting
a therapeutic strategy for wound regeneration.

A fibroblast subpopulation activates Engrailed-1 in the wound environment

To study defined fibroblast lineages in the wound environment in vivo, we used
fluorescence-activated cell sorting (FACS) to isolate ENFs (tdTomato*) and EPFs (GFP™)
from En1¢e;R26™ MG mouse dorsal skin [in which En1 lineage—positive cells express
membrane-bound green fluorescent protein (GFP) and Enl lineage—negative cells express
membrane-bound tdTomato; see supplementary materials]. ENFs or EPFs were transplanted
into wild-type mouse dorsal dermis, and then the engrafted skin was wounded (Fig. 1A).
Once healed [postoperative day (POD) 14], wounds (scars) and surrounding skin were
harvested and analyzed histologically. Within unwounded skin, all transplanted fibroblasts
demonstrated quiescent, elongated morphology (Fig. 1B, top). Wound-engrafted EPFs
exhibited activated morphology with extended cellular processes (Fig. 1B, bottom left),
consistent with prior reports of wound EPF phenotype (10). In contrast to ENF-engrafted
unwounded skin, which contained only tdTomato* ENFs (Fig. 1B, top right), ENF-engrafted
wounds contained GFP™ cells with activated morphology similar to that of wound-engrafted
EPFs (Fig. 1B, bottom right), indicating that transplanted ENFs expressed £r1 (causing Cre-
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driven m7/mG reporter recombination) to become pEPFs within the wound environment.
We previously observed that collagen deposition is unique to EPFs (10); immunostaining
for type I collagen (col-I; Fig. 1C) and colocalization analysis in wounds confirmed that
PEPFs had significantly greater overlap with col-I than did ENFs that had not activated
En1 expression (Fig. 1D), indicating increased collagen production specifically from Eni-
expressing cells.

Although these results suggested ENF-to-pEPF conversion in wounds, it was possible that
a small number of contaminating EPFs had disproportionately proliferated to produce GFP*
cells observed in ENF-transplanted wounds. Because cells endured several hours of cold
ischemia before engraftment, it was also important to confirm that postnatal £r1 activation
is specific to the wound setting. We therefore generated £71¢7¢-ER7 . Aj6 transgenic mice
(En1Cré active only after tamoxifen induction) and administered tamoxifen before wounding,
so that only cells that activated £n1 expression during wound healing expressed GFP (Fig.
1E; no GFP* cells observed without tamoxifen, fig. S1). POD 14 scars and skin were
subjected to FACS (fig. S2, A and B) and histologic analysis. Unwounded skin had few
GFP* cells (Fig. 1F, top left); in healed wounds, ~40% of fibroblasts were GFP* (Fig. 1F,
bottom left, and fig. S2C; similar GFP* fraction with tamoxifen induction initiated at POD
0 rather than 5 days prior, fig. S1). These data corroborated our findings of £n11 activation
in wound-engrafted ENFs (Fig. 1B) and suggested that postnatal ENF-to-EPF transition
generates a substantial fraction of scar-producing EPFs (Fig. 1G).

ENFs likely represent multiple subpopulations; we therefore questioned whether ENFs
corresponding to previously reported, surface marker—defined anatomical subpopulations
(11, 12) exhibited differing wound phenotypes, including £r1 activation. We used FACS

to sort dorsal dermal fibroblasts (Lin~; see supplementary materials) from £n1¢7¢:Aj6

mice into EPFs (GFP*) and ENFs (GFP~), which were further sorted into papillary

dermal (CD26%Scal"), reticular dermal (DIk1*Scal™), and hypodermal (DIk1*/~Scal*) (11,
12) subfractions (Fig. 1H; FACS strategy, fig. S2, D and E). Similar to prior reports

(11), papillary, reticular, and hypodermal fibroblasts constituted 19%, 12%, and 52%

of PDGFRa* ENFs, respectively (fig. S2F, left). When we defined fibroblasts as Lin~
(PDGFRa-agnostic), ENF subpopulations were more evenly distributed (fig. S2F, right). As
previously reported, a substantial fraction of ENFs were PDGFRa ™~ (fig. S2E). We therefore
did not include this marker in our sorting strategy.

ENF subfractions underwent engraftment into R26™7MC (tdTomato*) mice and wounding
(Fig. 1H). Papillary or hypodermal ENF-engrafted scars lacked GFP* cells (Fig. 11, left and
right). However, reticular ENF-engrafted wounds had numerous GFP* cells (Fig. 11, center,
white arrowheads), implicating reticular (DIk1*Scal™) ENFs as the primary subpopulation
capable of postnatal wound EnZ activation. Consistent with previous reports of DIk1 as

a reticular (deep) dermal fibroblast marker (11, 12), its expression in unwounded skin of
tamoxifen-induced £n1¢¢-ERT Aj6 mice was confined to the deep dermis (Fig. 1F, top
right). However, in scars, DIk1 was expressed throughout the dermis (Fig. 1F, bottom).
DIk1* ENFs were closely associated with chains of pEPFs and overlapping DIk1/GFP
expression (Fig. 1F, bottom right, white arrowheads). Our findings did not explicitly rule
out that rare preexisting skin pEPFs proliferated after wounding, but their relative absence
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in unwounded skin, vastly greater numbers in scars, and colocalization with wound DIk1*
ENFs suggest that reticular ENFs expand and activate £r1 after injury to contribute to
scarring.

Postnatal Engrailed-1 activation is mechanoresponsive

Cell surface integrins couple to focal adhesion kinase (FAK) to communicate mechanical
environmental cues, ultimately affecting transcription via Rho/Rho-associated protein kinase
(ROCK) signaling (13). Mechanotransduction modulates wound-resident cells (14-16),
particularly fibroblasts: Increasing wound tension increases fibroblasts’ profibrotic gene
expression [e.g., collagens, transforming growth factor—p (TGF-B)] (15); offloading wound
tension significantly reduces scarring (17).

We hypothesized that mechanical cues activate ENFs to express £n1, thereby generating
fibrotic pEPFs. £n1¢7e:R26™TMG ENFs were cultured on (i) tissue culture plastic (TCPS;
high-stiffness); (ii) TCPS with ROCK inhibitor Y-27632 (blocked stiffness-sensing); or

(iii) 3D collagen hydrogels (low-stiffness; Fig. 2A). After 14 days, ENFs activated £nz
expression on TCPS (Fig. 2, B, left, and C, green circles) but largely failed to activate £n1 in
soft hydrogel (Fig. 2, B, right, and C, blue triangles) or with mechanotransduction inhibition
(Fig. 2, B, center, and C, red squares). We next fractionated £71"¢;Aj6 ENF subpopulations
(Fig. 1H) and cultured each on TCPS, with or without Y-27632 (Fig. 2D). Papillary and
hypodermal ENFs minimally activated £n1 (Fig. 2E, left and right), whereas reticular ENFs
showed near-complete conversion to pEPFs after 14 days (Fig. 2E, top center), consistent
with in vivo wound findings (Fig. 11); this conversion was blocked by ROCK inhibitor (Fig.
2E, bottom center). These data suggested that reticular ENFs express £n1 in response to
mechanical cues via canonical mechanotransduction pathways (Fig. 2F).

To test whether mechanical stress promoted ENF-to-EPF transition in vivo, we created
dorsal incisions in tamoxifen-induced £n15"¢ERT-Aj6 mice; per established protocol (15),
we affixed distraction devices over wounds and expanded them over 10 days to apply
controlled tension (Fig. 2G, left). For control wounds, distractors were affixed to wounds
but not expanded; additionally, we applied and expanded distractors on uninjured skin.
Mechanically loaded scars were grossly thickened and raised (Fig. 2G, far left versus

center right photographs) and had the greatest YAP and a-SMA (activated/profibrotic
myofibroblast marker) expression (Fig. 2H, bottom left), consistent with increased
mechanotransduction. Tension also significantly increased pEPFs and YAP™ cells in wounds
(Fig. 2, H, bottom left, and I). It is conceivable that, through microscopic wound dehiscence,
distraction caused increased inflammation, in turn driving £n1 activation. However, applying
mechanical tension to unwounded skin also increased pEPFs and YAP™ cells (Fig. 2,H, top
right, and I). Although these findings do not exclude a role for other signals in regulating
postnatal £n1 expression, they do suggest that mechanical forces are both necessary (no
GFP* cells without tension) and sufficient for postnatal ENF-to-EPF transition.

After mechanical stimulation, YAP (mechanotransduction’s final transcriptional effector)
translocates to the nucleus, activating proliferation- and migration-related genes (Fig. 2F)
(18, 19). YAP was shown to drive a feedback loop in lung fibroblasts sustaining pulmonary
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fibrosis (19). We processed £n1"¢-ERT Aj6 YAP immunostaining through a colocalization
analysis pipeline (Fig. 2J, top). Unwounded skin showed low nuclear YAP (Fig. 2J,

middle left), consistent with minimal homeostatic mechanical activation. Wounds contained
significantly more nuclear YAP™ cells (Fig. 2J, middle center and right). Most high-nuclear
YAP cells were ENFs (GFP~CD267); eEPFs (GFP~CD26") and pEPFs (GFP*) showed
comparatively lower nuclear YAP (Fig. 2J, bottom). To compare YAP signaling in ENFs
and EPFs across the time course of healing, we next used our image analysis pipeline to
compare YAP nuclear localization in excisional wound ENFs (CD267) and EPFs (CD26%)
at POD 0 (unwounded), 7, 14, and 30 (C57BL/6 mice). EnI-negative fibroblasts rapidly
activated YAP signaling by POD 7 and retained high nuclear YAP throughout the matrix
deposition (POD 14) and early remodeling (POD 30) phases of wound healing (fig. S3). In
contrast, most EPFs had no nuclear YAP at all time points, supporting a dominant role for
YAP mechanotransduction signaling in ENFs.

We hypothesized that YAP promotes scarring predominantly by driving mechanoresponsive
ENFs’ transition to fibrotic pEPFs. We treated distracted incisional wounds with verteporfin
(YAP inhibitor; Fig. 2F). Verteporfin mitigated the effects of tension: Verteporfin-treated
mechanically loaded wounds grossly resembled non—-mechanically loaded wounds (Fig. 2G,
right) and contained significantly fewer pEPFs than nontreated mechanically loaded wounds
(Fig. 2, H, bottom right, and I, top). Verteporfin treatment significantly decreased YAP and
a-SMA expression (Fig. 2H, bottom right) and YAP* cells (Fig. 21, bottom). Collectively,
these results demonstrate that mechanical tension drives ENF-to-EPF transition in vivo in
wounds.

Postnatally derived EPFs recapitulate embryonically derived EPF

signatures

To elucidate the transcriptomic changes associated with postnatal £n1 activation, we
subjected £n1¢7¢;R26™MG ENFs grown on TCPS for 2, 7, or 14 days (when ENFs activate
Enl) (Fig. 3A) to bulk RNA sequencing (RNA-seq). Hierarchical clustering of genes whose
expression was significantly up- or down-regulated after 14 days (factor of >4 change versus
2 days; fig. S4A) revealed a transcriptional shift (Fig. 3B and fig. S4B). Gene Ontology
(GO) annotation (g.Profiler) revealed up-regulated ECM deposition—related terms (Fig.

3C, top), suggesting profibrotic changes, whereas muscle development-related terms were
down-regulated (Fig. 3C, bottom). Gene set enrichment analysis (GSEA, Broad Institute)
terms involving ECM production/deposition and epithelial-mesenchymal transition were
up-regulated, and “muscle identity” terms down-regulated, after 14 days (fig. S4C). Native
ENFs express muscle-related genes (10); these may be lost upon mechanical activation.
DIk1 expression was greatest at 7 days (“colony stage”; Fig. 3D, red box), consistent

with disproportionate expansion of reticular ENFs driving increased DIk1 expression at

the bulk level. Consistent with g.Profiler and GSEA, multiple ECM genes (e.g., collagens,
fibronectin) were up-regulated at 14 days (Fig. 3D, green box).

We next performed RNA-seq of papillary, reticular, and hypodermal ENFs after 2, 7, and 14
days on TCPS (fig. S5, A to C). All expressed low-level EnI at 2 days, which suggests that

Science. Author manuscript; available in PMC 2022 April 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mascharak et al.

Page 6

fibroblasts within all subpopulations are competent to express £n1. By 14 days, papillary
ENFs lacked evidence of mechanical activation but down-regulated translational machinery
(GSEA,; fig. S5, D and E, left); reticular and hypodermal ENFs up-regulated integrin-related
terms, implying active mechanotransduction. Reticular ENFs activated £n2 and collagen-
related GSEA terms (fig. S5, D and E, middle), but hypodermal ENFs did not up-regulate
Enl, instead showing activation of Wnt/TGF-f pathway and lipid- and collagen-related
terms (fig. S5, D and E, right), potentially consistent with the previously reported “adipocyte
precursor” fibroblast phenotype (20). Thus, although reticular and hypodermal ENFs were
both mechanoresponsive on TCPS, only reticular ENFs activated £n1 and expressed a
fibrogenic transcriptional program, consistent with in vivo findings (Fig. 11).

Treating cells with verteporfin attenuated the transcriptomic shift in untreated cells (Fig.

3B, purple box). Upon principal components analysis (PCA), verteporfin-treated ENFs at
14 days more closely resembled untreated cells that had only been in culture for 2 days,
consistent with diminished mechanical activation (fig. S4B, purple cluster). ECM-related
GO terms were down-regulated, and muscle development-related terms up-regulated, in
verteporfin-treated ENFs, suggesting closer retention of native ENF identity (Fig. 3C). ECM
genes were also down-regulated with verteporfin (Fig. 3D, purple box), suggesting blocked
profibrotic changes.

To study in vivo transcriptional changes, we subjected fibroblasts isolated from tamoxifen-
induced £n1¢e-ERT Aj6 mice to RNA-seq: pEPFs (GFP*) from wounds, and eEPFs
(GFP~CD26™) and ENFs (GFP~CD26~) from skin and wounds (Fig. 3E). Upon hierarchical
clustering (Fig. 3F) of differentially expressed genes after wounding (fig. S6A) and PCA
(fig. S6B), pEPFs clustered more closely with eEPFs than with ENFs. pEPFs and eEPFs
increased their expression of fibrosis-related genes, including Dpp4 (CD26), upon wounding
(fig. S2B and fig. S6C, left). ENFs up-regulated YAP signaling—related genes (Notch
ligands JagZ, DI1) (21), particularly after wounding, suggesting mechanoresponsiveness

to the wound environment (fig. S6C, middle and right). By GSEA, scar ENFs were

enriched for ECM adhesion— and Notch signaling- related terms, whereas pEPFs (putatively
derived from mechanically activated ENFs) were enriched for ECM production— and ECM
deposition-related terms (fig. S6D). Finally, we compared the transcriptional activity of
genes previously reported to differentiate ENFs and eEPFs (Fig. 3G) (10). Again, pEPFs’
gene expression profile most closely resembled that of eEPFs (Fig. 3G, green boxes). Thus,
postnatal ENF £n1 activation, in vitro and in vivo, involved acquisition of a profibrotic,
eEPF-like transcriptome.

Modulating YAP signaling promotes regenerative ENF-mediated wound

healing

Because £n1 activation was associated with a profibrotic phenotype and blocked by YAP
inhibition in vitro, we questioned whether YAP inhibition could block £r1 activation in
vivo to reduce scarring. £n16"¢;,R26™7MG wounds were injected at POD 0 with phosphate-
buffered saline (PBS; vehicle control) or verteporfin (1 mg/ml; no significant effect on
healing rate, fig. S7A, red circles versus blue squares) and harvested at POD 14, 30, or 90.
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Grossly, control wounds formed distinct, hairless scars (Fig. 4A, middle row); verteporfin-
treated wounds had substantial hair growth by 30 days and were indistinguishable from
unwounded skin by 90 days (Fig. 4A, bottom row). This result was notable, given that a
hallmark of scars is the absence of secondary appendages [e.g., hair follicles (HF)/sebaceous
glands (SG)]. Upon hematoxylin and eosin (H&E) staining, control wounds contained
dense, parallel collagen without secondary elements (Fig. 4B, top). Verteporfin-treated
wounds demonstrated reduced fibrosis with numerous HF/SG-like structures by 30 to

90 days (Fig. 4B, bottom, white arrowheads), which expressed cytokeratins 14 and 19
(CK14/19, HF/SG markers; Fig. 4C, top) and positive Oil Red O lipid staining (Fig. 4C,
bottom), indicating functional regenerated HF and SG.

Whereas POD 14 control wounds contained abundant EPFs (GFP™; Fig. 4D, top left),
substantial col-I, and minimal fibronectin [Fn, reported as primary ENF-deposited matrix
protein (22)] (Fig. 4D, top right; typical scar ECM), verteporfin-treated wounds contained
predominantly ENFs (tdTomato*; Fig. 4D, bottom left), substantially reduced col-I, and
greater Fn (Fig. 4D, bottom right), suggesting blocked transition of ENFs into profibrotic
pEPFs. POD 30 verteporfin-treated wounds had decreased EPFs and CD26 expression
(versus controls; Fig. 4E, left). Whereas POD 30 control wounds had DIk1 expression
within deep dermis and chains of YAP* cells migrating into the scar (Fig. 4E, top),
verteporfin-treated wounds had DIk1* cells throughout the dermis and shorter YAP* chains
(Fig. 4E, bottom). Collectively, these results suggest that mechanoresponsiveDIk1*Scal~
ENFs proliferate and migrate after wounding, then activate £n1 to become fibrogenic
pEPFs; blocking £n1 activation via mechanotransduction inhibition disrupts this process,
resulting in DIk1* ENFs throughout the wound. After 90 days, control scars had widespread
EPFs and EPF-derived matrix (GFP*), YAP™ cells, and a-SMA expression consistent with
profibrotic myofibroblasts (Fig. 4F, top). Verteporfin-treated wounds had fewer EPFs, rare
YAP?, and absent a-SMA* cells (Fig. 4F, bottom). CD11b™ cell infiltrate (myeloid cells,
important to scarring response) was comparable between PBS- and verteporfin-treated
wounds throughout healing (fig. S8), which suggests that verteporfin’s effects were not
driven by altered immune response. Overall, these data support the idea that blocking

ENF mechanical activation yields ENF-driven wound regeneration. In tamoxifen-induced
En1Cre-ERT -pogMTmG mice, control wounds showed abundant GFP* cells after 14 days
(Fig. 4G, top), whereas verteporfin-treated wounds showed few to none (Fig. 4G, bottom),
confirming that verteporfin specifically inhibited ENF-to-pEPF transformation. These
findings, together with observations that ENFs showed the highest YAP nuclear localization
(Fig. 2J) and YAP-related gene expression (fig. S6C), suggest that verteporfin’s wound-
modulatory role specifically affects mechanoresponsive ENFs.

Visual analysis of gross histologic images is subjective and bias-prone (23, 24), so we
sought to robustly confirmthat verteporfin prevented fibrosis by using a machine-learning
algorithm to quantify tissue ultrastructure (25). Briefly, Picrosirius Red histology was
color-deconvoluted to isolate ECM fiber components, which were noise-reduced and

then binarized to digitally map thousands of fibers and branchpoints. Individual (e.g.,

length, width) and group (e.g., packing, alignment) fiber properties were calculated (see
supplementary materials). Across multiple metrics, POD 14 verteporfin-treated wounds were
quantitatively distinct from control wounds and were instead comparable to unwounded skin
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(fig. S9, A and B). PCA of ECM parameters showed strong overlap between verteporfin
and unwounded skin clusters at 14 days, increasing by 30 days, with complete overlap at
90 days (Fig. 4H and figs. S10 and S11), indicating that verteporfin treatment at POD 0
yielded long-term regenerative remodeling. Thus, quantitative analysis confirmed that YAP
inhibition promotes wound regeneration.

We next assessed the effects of multiple verteporfin doses. Treatment with two doses (POD
0 and 4) yielded healing rates, gross appearance, ECM, and EPF abundances comparable to
single-dose effects (POD 0) (fig. S7). When dosage was increased to four treatments (POD
0, 4, 8, and 12), EPFs were almost fully depleted (fig. S7, D and E) but wound closure was

delayed, hair regrowth was reduced, and ECM features diverged from those of unwounded

skin (fig. S7, A to C). Thus, verteporfin affected wounds in a dose-dependent manner, with
detrimental effects upon excessive dosing.

Despite scars’ excess collagen, they possess <80% of skin’s strength because of inferior
ECM organization (26). We sought to determine whether verteporfin-induced regeneration
also functionally recovered skin’s mechanical robustness. Consistent with scars’ decreased
structural integrity, POD 30 control wounds had significantly reduced tensile strength
(versus skin; Fig. 41, green versus red). In contrast, verteporfin-treated wounds’ tensile
strength did not significantly differ from that of unwounded skin (Fig. 41, green versus
blue), supporting restoration of unwounded-like strength (representative force-displacement/
stress-strain curves, fig. S12).

Engrailed-1 is mechanically regulated and is required for skin scarring

The temporal relation between £n1 expression and profibrotic changes in vitro and in vivo
suggested that £n7 itself may have a functional role in scarring (versus being a “bystander”
marker). Using short hairpin RNA (shRNA), we achieved long-term £nI knockdown in
ENFs over 14 days on TCPS (fig. S13D). We compared RNA-seq to ENFs treated with
nontargeting control shRNA (fig. S13, A to C). ECM production and deposition were
significantly reduced with £n1 knockdown (decreased ECM-related GO enrichment; fig.
S13E). GSEA showed down-regulation across mechanotransduction (Rho/Notch/Hippo) and
fibrosis (Jun/TGFP) pathways (fig. S13F), which suggests that £n1 knockdown broadly
decreases mechanically induced fibrogenic changes.

To assess whether £n1 expression is functionally related to fibrosis in vivo, we generated
Eni1Cre-ERT . Aj6:R26/PTR mice and ablated pEPFs by administering diphtheria toxin (DT;
control, PBS) upon wounding (Fig. 5A). Control wounds grossly yielded scars, but DT-
treated wounds regenerated HF as early as 14 days, with thick tufts of hair by 30 days (Fig.
5B). Histology of DT-treated wounds revealed HF- and SG-like CK14/19* structures (Fig.
5, C and D). Control wounds had abundant pEPFs (GFP*; Fig. 5E, top), whereas DT-treated
wounds exhibited near-complete pEPF ablation up to POD 30 (Fig. 5E, bottom right).
Using our machine-learning approach (Fig. 4H), ECM architecture of control wounds (scars)
diverged strongly from that of unwounded skin, with minimal or no overlap upon PCA (Fig.
5F); DT-treated wounds showed virtually complete overlap with unwounded skin (Fig. 5F),
suggesting indistinguishable ultrastructure. These data suggest that ablating £nZ-activating
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fibroblasts is sufficient for wound regeneration and, with our shRNA findings in vitro, may
suggest that £n1 is itself a mechanoresponsive master regulator of fibroblast activation.

YAP knockout blocks Engrailed-1 activation to promote ENF-mediated
wound regeneration

To confirm that regeneration observed with verteporfin resulted from modulated
mechanotransduction, rather than off-target effect(s) of the drug, we generated

En1Cre-ERT -pognTmG -y A pfii (y APy and En1Cre-ERT-Aj6; YAPH ( YyAPT mice

for fibroblast-specific YAP deletion. We tamoxifen-induced and wounded

EnICre-ERT -pogmTmG -y Apt/ ( YAP*: control), YAP"*, and YAP"" mice and harvested
wounds at POD 14 and 30. Grossly, YAP"* wounds formed scars by 14 days (Fig. 6A,
top). In contrast, YAP"* and YAP"f \wounds grew small hairs by 14 days, with substantial
hair growth by 30 days (Fig. 6A, middle and bottom). Histologically, YAP knockout wounds
regenerated HF/SG-like structures by 14 days and fully developed CK14/19* appendages
by 30 days (Fig. 6, B, middle and bottom, and C, top and bottom). Unwounded skin in all
models contained virtually no pEPFs, consistent with £71¢7¢-ERT-Aj6 mice (Fig. 6D, left;
see also Fig. 1F). YAP* scars had numerous pEPFs at POD 14 and 30 (Fig. 6, D, top,

and E, top), whereas only sparse pEPFs were observed in YAP"* and YAP"f wounds (Fig.
6,D, middle and bottom, and E, top), confirming that YAP is required for postnatal £n1
activation. Immunofluorescent histology confirmed decreased YAP expression in YAP"*
and YAP" mice (Fig. 6, D, far right, and E, bottom). Staining for EPF surrogate marker
CD26 (Dpp4) revealed similar proportions of eEPFs (GFP~CD26%) in YAP** and YAP
wounds, which suggests that YAP knockout did not significantly affect existing eEPFs, but
rather preferentially affected ENFs and their conversion to pEPFs (Fig. 6F).

Upon ECM ultrastructure quantitation, YAP™* wounds were quantitatively more similar

to unwounded skin than were YAP™* wounds (Fig. 6G, top); this effect was less
pronounced than for verteporfin-treated and pEPF-ablated (Fig. 5) wounds, which

suggests that heterozygous YAP deletion was insufficient for complete ultrastructural
regeneration. YAP" homozygous knockout wounds were quantitatively indistinguishable
from unwounded skin (Fig. 6G, bottom). This may reflect YAP signaling “dose-
responsiveness” in mechanosensitive ENFs, with heterozygous loss of function conferring
most but not all features of regeneration. Detrimental effects of excessive verteporfin dosing
(fig. S7) were not observed in YAP"" mice; we hypothesize that these reflect off-target
effects of supratherapeutic verteporfin dosing, rather than direct effects of YAP inhibition.
These findings support a functional role for YAP signaling in postnatal £ activation and
scarring, because genetic YAP blockade in mechanoresponsive fibroblasts resulted in fewer
pEPFs and regeneration.

Discussion

Fibroblasts are heterogeneous, comprising multiple subpopulations with distinct roles (10—
12, 20, 22, 27-32). Wounding activates a dermal fibroblast subset to exhibit contractile

properties and ECM production (33-36) that lead to fibrotic scar formation. We previously
identified a dermal fibroblast subpopulation defined by embryonic £n1 expression (eEPFS)
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responsible for dorsal scarring (10). However, the role of ENFs in postnatal wound healing
was poorly understood. Here, we show that ENFs activate £ in response to wound
mechanical cues and contribute to scarring as pEPFs.

Recent work categorized adult unwounded mouse skin fibroblasts into papillary, reticular,
and hypodermal subdivisions (11, 12). Although based on anatomical location, these
subpopulations may also confer differing fibrogenic potential. By anatomically fractionating
ENFs, we identify DIk1*Scal™ reticular ENFs as the predominant mechanosensitive cell
capable of postnatal £n1 activation. Other groups have reported subsets of a-SMA*CD26*
wound myofibroblasts arising from both £n1-and D/kI-traced fibroblast lineages (20,

37). Our findings support the importance of these lineages in wound healing and suggest
that tissue mechanics may bridge these lineages (i.e., activate D/kZ* ENFs to £n1*

pEPFs), explaining their shared scarring role. A revised model of wound healing was also
proposed recently, wherein superficial dermal injuries are repaired “classically” through
EPF migration and local matrix deposition, whereas deep dermal injuries are plugged or
otherwise repaired by provisional “primordium” steered upward by fascial fibroblasts (38).
However, we note that (i) no wounds in this study involved fascia; (ii) in vivo pEPFs were
not noted outside the dermis; and (iii) reticular dermal fibroblasts were the dominant pEPF
source in all experiments. Given that the vast majority of scarring injuries in humans do

not involve fascia, the mechanosensitive, reticular dermal fibroblast population identified by
our study, and mechanisms guiding its contribution to fibrosis, may be of greater clinical
relevance for scarring.

Despite preserving much of the molecular machinery displayed by regenerating organisms,
mammals have limited regenerative potential because of their propensity for rapid scarring.
Human scarring is augmented by high skin tension, a 100,000-year-old selective adaption
that virtually precludes regenerative wound healing (1). Tension’s contribution to scarring
is well recognized by surgeons, who classically incise along relaxed skin tension lines

to minimize scarring. Previous work from our group and others has shown that physical
tension offloading significantly reduces scarring, as does chemically blocking cellular
mechanotransduction (FAK inhibition) (16, 17, 39). However, specific cell populations
involved in the profibrotic tension response and their mechanisms of mechanical activation
were unknown. By precisely delineating how physical stimuli provoke DIk1* ENFs
toward fibrosis, we identify YAP and £n1 as promising molecular targets to prevent
scarring. Furthermore, we show that YAP inhibition prevents £n1 activation in wounds,
encouraging ENF-mediated, regenerative, nonfibrotic repair. This work demonstrates fully
regenerative skin healing in a typically scarring postnatal mammal. We hypothesize that
YAP inhibition, through targeted modulation of profibrotic pathways in specific fibroblasts,
enables regeneration without compromising healing. Preventing the fibrotic response permits
regeneration over months or longer, which suggests that mammalian regeneration may

be unlocked if mechanically driven fibrosis can be blocked. Early evidence suggests that
ENF-mediated healing after verteporfin treatment leads to recovery of normal skin glands,
hair follicles, and matrix ultrastructure through activation of Wnt/Trps1 stem cell and hair
follicle development pathways (25).
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Scar-reducing strategies often entail ablating fibrogenic cell populations, which can
potentially impair healing by nonspecifically eliminating necessary cells (5, 7, 8). Thus,
the therapeutic goal of skin regeneration—defined by recovery of secondary elements,
ECM structure, and mechanical strength—has remained unachieved. The finding that ENF-
mediated postnatal healing satisfies these criteria for regeneration without compromising
healing speed or efficacy implies that regeneration may represent a “default” wound
repair pathway, superseded by the emergence of scarring EPFs. Our data support the
notion that it is not the amount of collagen and ECM that determines a scar, but rather

the relative organization of the total ECM. For example, pathological scars in humans
(hypertrophic scars, keloids) contain elevated collagen levels but have weaker material
properties than unwounded skin because they lack its basket-weave ECM organization. In
contrast, verteporfin-treated wounds are as strong as unwounded skin because their ECM
organization is identical. Tipping the balance of healing toward ENFs via YAP inhibition
alters both ECM protein content and reorganization, and so this should not be viewed

as only decreasing collagen deposition. Recently, it was reported that activation of YAP
mechanosignaling promotes liver fibrosis and that promoting YAP degradation blocks the
progression of liver cirrhosis (40); thus, it is possible that our findings regarding YAP
signaling in skin scarring are relevant to fibrotic responses in other organs and could have
similar therapeutic implications.

Methods summary

Fibroblast subpopulations (e.g., £nZ-positive and -negative) were isolated from mouse dorsal
skin via enzymatic digestion and flow cytometry (FACS). FACS-purified fibroblasts were
engrafted into dorsal skin of wild-type mice; the engrafted region was then wounded

to observe the response of fibroblast subtypes to the wound environment. For in vitro
experiments, FACS-purified fibroblasts were cultured either on stiff tissue culture plastic

or in soft collagen hydrogels. For transcriptomic profiling, fibroblasts were subjected to

bulk RNA-seq. For excisional wounding, circular, full-thickness sections of dorsal skin
(extending to the panniculus carnosus) were cut out and the skin was splinted with

silicone rings to prevent contraction. For incisional wounding, longitudinal, full-thickness
incisions were made in the dorsal skin and a loading device was secured to apply tension
perpendicular to the line of incision. Wounds were injected with PBS (vehicle control) or
verteporfin resuspended in PBS and were then analyzed over the course of healing by gross
visual examination, histologic analyses, and mechanical strength testing. Transgenic mouse
strains were used to fluorescently trace fibroblast lineages and/or selectively ablate fibroblast
subpopulations (e.g., YAP- or £nl-expressing). For quantitative comparison of extracellular
matrices, an image-processing algorithm was used to profile 26 ultrastructural features from
Picrosirius Red-stained histology. For more detailed methods, see supplementary materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

All data to support the conclusions in this manuscript can be found in the

figures and the supplementary materials. Any other data can be requested from the
corresponding authors. RNA-seq data and Matlab code can be accessed from the
following Github repository: https://github.com/shamikmascharak/Mascharak-et-al-ENF.
M.T.L., S.M., H.E.dJ.-P,, M.R.B., and M.F.D. are inventors on patent 62/879,369 held by
Stanford University that covers use of YAP inhibition for wound healing. S.M., H.E.dJ.-P,,
M.R.B., A.L.M., and M.T.L. are inventors on patent application PCT/US2020/043717 that
covers a machine-learning algorithm for analysis of connective tissue networks in scarring
and chronic fibroses.

INTRODUCTION:

Skin wounds generally heal by scarring, a fibrotic process mediated by the Engrailed-1
(Enl) fibroblast lineage. Scars differ from normal unwounded skin in three ways: (i) They
lack hair follicles, sebaceous glands, and other dermal appendages; (ii) they contain dense,
parallel extracellular matrix fibers rather than the “basket-weave” pattern of uninjured skin;
and (iii) as a result of this altered matrix structure, they lack skin’s normal flexibility and
strength. A successful scar therapy would address these three differences by promoting
regrowth of dermal appendages, reestablishment of normal matrix ultrastructure, and
restoration of mechanical robustness. However, little is known about the cellular and
molecular mechanisms blocking a regenerative healing response in postnatal skin, or
whether these mechanisms can be bypassed by modulating specific fibroblast lineages.

RATIONALE:

We asked whether scarring fibroblasts are derived purely from expansion of existing £n1
lineage—positive fibroblasts present in unwounded skin, or whether £1 scar fibroblasts
could arise de novo by activation of £n1 expression in postnatal, £n1 lineage—negative
fibroblasts within the wound niche. We used fibroblast transplantation as well as transgenic
mouse models to trace £nI expression in a spatiotemporally defined fashion. Next, we
studied fibroblast responses to mechanical forces in vitro and in vivo to establish a
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mechanotransduction mechanism linking skin tension to postnatal £r21 expression. Finally,
we used chemical (verteporfin) and transgenic inhibition of mechanotransduction signaling
[diphtheria toxin ablation of £ni-expressing fibroblasts, floxed Yes-associated protein
(YAP) knockout] to modulate £n1 expression during wound healing. Experimental wounds
were compared to unwounded skin and scars (phosphate-buffered saline control) by RNA
sequencing, quantitative histopathological comparison (using a custom image-processing
algorithm), and mechanical strength testing.

Fibroblast transplantation and lineage-tracing studies reveal that £ lineage—negative
fibroblasts (ENFs) of the reticular (deep) dermis activate £n7 in the wound environment,
generating ~40 to 50% of scar fibroblasts. This phenomenon depends on mechanical cues:
ENFs cultured on soft substrates or treated with chemical inhibitors of mechanical signaling
proteins (e.g., YAP) do not activate £n1. Comparison of ENFs with £nZ-expressing

and £n1 knockdown (short hairpin RNA) fibroblasts by RNA sequencing suggests that
En1regulates a wide array of genes related to skin fibrosis. In healing wounds, YAP
inhibition by verteporfin blocks £n1 activation and promotes ENF-mediated repair, yielding
skin regeneration in 30 days with recovery of functional hair follicles and sebaceous
glands. Quantitative comparison of scars and regenerated skin shows that YAP inhibition
induces recovery of normal dermal ultrastructure, which in turn confers restoration of
normal mechanical breaking strength. Diphtheria toxin—mediated ablation of postnatal £n1-
expressing fibroblasts and fibroblast-targeted transgenic YAP knockout similarly promoted
recovery of normal skin structures, which suggests that modulation of £n1 activation,
whether direct or indirect, can yield wound regeneration.

CONCLUSION:

By delineating how physical stimuli provoke ENFs to contribute to fibrosis, we identify YAP
and £n1 as possible molecular targets to prevent scarring. Furthermore, we have shown that
inhibition of YAP signaling prevents £n1 activation during wound healing, thus encouraging
ENF-mediated wound repair without fibrosis and with regeneration of secondary skin
elements (hair follicles, sebaceous glands). Our findings suggest that residual ENFs in
postnatal mammalian skin retain a capacity for skin regeneration if the mechanically driven
propensity for fibrosis can be blocked. We have demonstrated fully regenerative skin healing
in a postnatal mammal that normally scars; this finding has translational implications for the
tens of millions of patients each year who develop scars and other fibroses.
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Unwounded skin
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Hair follicles, glands \/
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Engrailed-1 activation in skin fibroblasts drives scarring.

After injury, a subset of dermal fibroblasts activates Engrailed-1 (En) to contribute to
scarring (left). Inhibiting postnatal £n1 activation, either directly (by ablating £nZ-activating
cells) or indirectly (by blocking mechanical signaling with verteporfin), promotes skin
regeneration by £n1 lineage-negative fibroblasts, with full recovery of normal hair follicles,
glands, matrix ultrastructure, and mechanical strength. Green cells, £nI lineage-positive
fibroblasts; red cells, £n1 lineage-negative fibroblasts.
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Fig. 1. Deep dermal ENFs activate Engrailed-1 and contribute to postnatal scar collagen

deposition.

(A) Schematic depicting cell transplantation, engraftment, and wounding experiments.

(B) Confocal imaging of transplanted £ni-positive fibroblasts (EPFs) and £n1-negative
fibroblasts (ENFs) before and after wounding [includes 4”,6-diamidino-2-phenylindole
(DAPI, blue)]. (C) ENF transplantation and wounding, with postnatal EPFs (pEPFs, green)
derived from ENF-to-EPF conversion; immunostaining for type | collagen (col-I). (D) Top:
3D reconstruction of (C). Bottom: Colocalization between col-I and tdTomato (ENF) or
GFP (pEPF) signal. (E) Schematic depicting induction and wounding of £n1C7¢-ERT Aj6
mice for temporally defined assessment of £n1 activation. (F) Left: Skin and wounds of
tamoxifen-induced £n1€"¢-ERT:Aj6 mice; EPFs (white arrowheads) necessarily arose from
En1 expression during healing. Immunostaining for DIk1, col-I. Right: Quantification of
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GFP* cells (pEPFs) in unwounded skin or scars; paired two-tailed ztest. (G) Proposed
mechanism for postnatal £r1 activation. Dermal ENFs (red) exposed to wound-specific
cues convert to pEPFs, which, with embryonically derived EPFs (eEPFs), mediate scarring.
(H) Schematic depicting ENF subtype isolation, transplantation, and wounding. (1) Left:
Papillary (CD26*, left), reticular (DIk1*Scal™, center), and hypodermal (DIk1*/~Scal*,
right) ENFs in wounded tdTomato™* recipient (red); only reticular ENFs become pEPFs
(white arrowheads). Right: Quantification of pEPFs in subtype-engrafted wounds.
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Fig. 2. Reticular dermal ENFs activate Engrailed-1 via canonical mechanotransduction signaling
in response to in vitro and in vivo substrate mechanics.

(A) Schematic depicting ENF culture on mechanically varied substrates. (B) ENFs (red)
cultured on stiff TCPS with or without ROCK inhibitor (Y-27632) or soft hydrogel variably
convert to pEPFs (green). (C) Quantification of ENF-to-EPF conversion by condition. (D)
Schematic depicting ENF subpopulation culture on TCPS with or without Y-27632. (E)
Cultured ENF subtypes show £n1 activation (green) only in reticular dermal ENFs on TCPS.
(F) Schematic of canonical mechanotransduction signaling. Verteporfin inhibits YAP, the
pathway’s transcriptional effector. (G) Left: Schematic depicting wound tension/distraction.
Right: Photographs of skin and wounds with or without tension and verteporfin treatment.
(H) Fluorescent histology of the four conditions in (G) in En1¢"¢-ERT Aj6 showing increased
PEPFs (green) with increased tension. Immunofluorescent staining for a-SMA and YAP. (1)
Quantification of pEPFs (top) and YAP* cells (bottom) per 20x high-power field (HPF);
n.s., not significant. (J) Top: Pipeline to quantify nuclear YAP. Middle: Overlaid images
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showing nuclear YAP localization in skin/wound regions. Bottom: Quantification of nuclear
YAP levels in ENFs, eEPFs, and pEPFs showing significantly more high—-nuclear YAP ENFs
than eEPFs or pEPFs.
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Fig. 3. Mechanical activation of DIk1* ENFs is associated with a fibrotic transcriptional
signature.

(A) Schematic of bulk ENF culture over time, with or without verteporfin. (B) Gene
expression heatmap and hierarchical clustering for 920 genes significantly up- or down-
regulated (by a factor of >4) at 14 days in culture (versus 2 days). Values are shown for

2, 7, or 14 days in culture and 14 days with verteporfin (Mert; purple box). (C) GO term
enrichments for significantly up-regulated (top) and down-regulated (bottom) genes from
(B), at 14 days with or without Vert. (D) Heatmap showing relative expression of selected
genes previously implicated in fibrosissECM deposition. DIK1 expression was up-regulated
in ENFs at 7 days (red box). Profibrotic/matrix genes were up-regulated at 14 days (green
box) but mitigated by Vert (purple box). (E) Schematic depicting isolation of skin and

scar pEPFs, eEPFs, and ENFs for RNA-seq. (F) Heatmap and hierarchical clustering of
1138 genes significantly up- or down-regulated in ENFs, eEPFs, or pEPFs in wounds (inj)
versus skin (uninj). (G) Heatmaps showing relative expression of selected genes previously
associated with ENF (top) or EPF (bottom) identity. Green boxes, EPF populations; red
boxes, ENFs.
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Fig. 4. Mechanotransduction inhibition in vivo results in scarless wound healing via
regeneration.

(A) Schematic (top) and gross photographs of dorsal excisional wounds treated with PBS
(control) or verteporfin. Surrounding bare area is where splint was attached and removed
before harvest (red dashed circles). (B) H&E histology of control- and verteporfin-treated
wounds. White arrowheads indicate dermal appendage—like morphology. (C) By POD

90, verteporfin-treated wounds regenerate HF/appendages, grossly (top) and histologically:
middle, immunostaining for HF/SG markers CK14/19; bottom, Oil Red O staining (red) for
SG. (D to F) Fluorescent histology of control- or verteporfin-treated wounds in indicated
mice at POD 14 (D), 30 (E), and 90 (F) with immunostaining for ECM proteins (col-I, Fn)
and fibroblast/mechanotransduction markers (CD26, DIk1, YAP, a-SMA). (F) Right: EPFs
per HPF in PBS- and verteporfin-treated wounds over time. (G) Left: Fluorescent histology
of control- and verteporfin-treated £n17€-ERT -R26MTMG \younds. Right: Quantification of
pEPFs per HPF. (H) t-distributed stochastic neighbor embedding (t-SNE) plots visualizing
ECM ultrastructural properties for skin and PBS- or verteporfin-treated wounds at POD
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14 (i), 30 (ii), and 90 (iii); clusters for each condition (PBS-treated, unwounded, or
verteporfin-treated) are highlighted by shaded regions. (1) Wound breaking force (top;
unwounded versus verteporfin, A= 0.8057) and Young’s modulus (bottom; unwounded
versus verteporfin, = 0.9287) calculated for unwounded skin and PBS- or verteporfin-
treated wounds.
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Fig. 5. Targeted ablation of Engrailed-1-expressing fibroblasts yields skin wound regeneration.
(A) Schematic of £n1¢7€-ERT Aj6;R26'PTR tamoxifen induction, wounding, and diphtheria

toxin (DT) treatment to ablate pEPFs generated in response to wounding. (B and C) Gross
photographs (B) and H&E histology (C) of wounds treated with PBS (top) or DT (bottom)
over time. (D) DT-treated wounds at POD 30 with immunofluorescent staining for CK14/19
(HF/SG). (E) Left: Fluorescent histology of PBS- and DT-treated wounds at POD 14 and
30, showing pEPFs (GFP*). Right: Quantification of pEPFs per 20x HPF. (F) t-SNE plots
visualizing 26 ECM ultrastructural properties for unwounded skin and PBS- or DT-treated
wounds at POD 30; shaded regions highlight clusters of the three conditions.
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Fig. 6. YAP knockout abrogates postnatal Engrailed-1 expression to promote skin wound
regeneration.

(A and B) Gross photographs (A) and H&E histology (B) of YAP™* (top), YAP™* (middle),
and YAP (hottom) wounds over time. (C) Immunofluorescent histology for CK14/19
(HF/SG) in POD 30 YAPT* (top) and YAPT/l (bottom) wounds. (D) Immunofluorescent
histology of skin (left) and YAP** (top), YAPT* (middle), and YAPT/fl (bottom) wounds

at POD 14 and 30. Rightmost panels show pEPFs (GFP*) and YAP immunostaining. (E)
Quantification of pEPFs (top) and YAP* cells (bottom) per 20x HPF in YAP*'*, YAPT/*,
and YAPT/fl wounds at POD 14 and 30. (F) Quantification of eEPFs (CD26*GFP™) in
YAP*"* and YAPT/fl wounds. (G) t-SNE plots visualizing ECM ultrastructural properties

Science. Author manuscript; available in PMC 2022 April 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mascharak et al.

Page 27

for unwounded skin versus YAP/* (top) and YAPT/Tl (bottom) wounds; shaded regions
highlight clusters of the four conditions.
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