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Figure S1: Tamoxifen dosing controls. (A) Immunofluorescent histology of unwounded skin 
and scars in En-1Cre-ERT;Ai6 mice that received tamoxifen at the time of wounding (top row) or no 
tamoxifen (bottom row). (B) Quantification of GFP+ cells (pEPFs) per 20x HPF. Unwounded vs. 
scar, POD 0 tamoxifen *P = 0.0014; no tamoxifen control not significant.  
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Figure S2: FACS strategies to isolate fibroblast subtypes. (A) Strategy for isolating ENFs (Lin- 
GFP- CD26-), eEPFs (Lin- GFP- CD26+), and pEPFs (Lin- GFP+) from tamoxifen-induced En-1Cre-

ERT;Ai6 dorsal skin and excisional wounds. (B) Representative FACS plots for GFP- control (left), 
unwounded skin (right) and wounds (bottom). *, ** indicate gated cell populations carried over 
into subsequent plots. (C) Quantification of relative proportion of fibroblasts (Lin-) represented by 
ENFs (red), eEPFs (blue), and pEPFs (green) in unwounded skin vs. healed wounds (POD 14). 
Points represent biological replicates; N = 3 biological replicates, each containing pooled cells 
from 4 mice (2 wounds/mouse). Unwounded vs. wounded: eEPFs, *P = 0.0559; pEPFs, *P = 
0.0204; ENFs, P = 0.6433. (D) Schematic for FACS isolation of papillary, reticular, and 
hypodermal fibroblasts from En-1Cre;Ai6 dorsal skin based on previously reported surface markers. 
(E) Representative FACS plots showing gating strategy for isolating ENFs (Lin- GFP-; red box) 
and EPFs (Lin- GFP+; green box), and fractionation of ENF subtypes (papillary, blue box; reticular, 
gray box; hypodermal, purple box). *, **, ***, and ‡ indicate gated cell populations carried over 
into subsequent plots. (F) Proportion of fibroblasts represented by each ENF subpopulation 
(papillary, blue; reticular, gray; hypodermal, purple) when fibroblasts are defined as PDGFRa+ 
cells (left panel) versus Lin- cells (right panel). N = 3 separate experiments using pooled cells from 
individual litters. Left: papillary vs. hypodermal *P = 0.0135, reticular vs. hypodermal *P = 
0.0067. Right: all pairwise comparisons P > 0.05. 
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Figure S3: Nuclear YAP localization in ENFs and EPFs. (A) Immunofluorescent histology of 
excisional wounds at POD 0 (unwounded), 7, 14, and 30. Nuclear localization of YAP in ENFs 
(CD26-) and EPFs (CD26+) was measured using a custom image processing algorithm. (B) 
Quantification of ENFs and EPFs with no nuclear YAP, low nuclear YAP, and high nuclear YAP. 
Data points represent the average of at least 3 mice (2 wounds/mouse). ENFs vs EPFs with no 
nuclear YAP at POD 7, *P = 0.015. ENFs vs EPFs with high nuclear YAP at POD 0 (*P = 0.035), 
7 (*P = 0.0040), 14 (*P = 0.00022), and 30 (*P = 0.0022). 
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Figure S4: Gene set enrichment analysis for in vitro ENFs and pEPFs. (A) Volcano plot of 
920 differentially expressed genes between ENFs cultured for 2 or 14 days on TCPS. (B) Principal 
component analysis (PCA) of RNA-seq data from cultured ENFs at different timepoints, with and 
without Verteporfin treatment. Clusters for each timepoint and condition are indicated by ovals. 
(C) Normalized RNA-seq counts for ENFs (mTomato+) cultured on TCPS for 2 days (remain as 
ENFs) or 14 days (activate Engrailed-1; GFP+) were analyzed for enrichment in the Gene 
Ontology Biological Process, Gene Ontology Molecular Function, and Hallmark databases. 
Activation of Engrailed-1 was associated with the loss of “muscle development” identity and the 
gain of a pro-fibrotic identity, as inferred by enrichment for a variety of ECM-related terms at 14 
days.  
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Figure S5: Bulk RNA-seq analysis of ENF subpopulations. (A) Schematic detailing FACS-
isolation and culture of papillary (blue), reticular (gray), and hypodermal (purple) ENFs. (B) 
Principal components analysis of ENF subpopulations cultured on TCPS for 2, 7, and 14 days. (C, 
D) Gene expression heatmaps (C) and volcano plots (D) for papillary (left), reticular (middle), and 
hypodermal (right) ENFs. Specific genes that were significantly up- or down-regulated are labeled. 
Of note, only reticular ENFs showed upregulation of En-1 in response to mechanical activation 
(red circle in volcano plot). (E) Gene set enrichment analysis of differentially expressed genes for 
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papillary (left), reticular (middle), and hypodermal (right) ENFs cultured on TCPS (Day 14 vs. 
Day2/7).  
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Figure S6: Gene set enrichment analysis for in vivo ENFs and pEPFs. (A) Volcano plot 
showing 1,138 genes significantly upregulated or downregulated in ENFs, eEPFs, or pEPFs in 
wounds (inj) compared to uninjured skin (uninj). Individual plots are labeled (top right corner) 
with comparisons shown in each plot. (B) PCA of RNA-seq data for pEPFs, eEPFs, and ENFs 
from injured and uninjured skin. (C) Comparison of Dpp4 (CD26; left panel), Jag1 (middle panel), 
and Dll1 (right panel) gene counts for each cell type. (D) Normalized RNA-seq counts for scar 
ENFs (GFP- CD26-) and postnatal EPFs (GFP+) were analyzed for enrichment in the Gene 
Ontology Biological Process, Gene Ontology Molecular Function, and Hallmark databases. Scar 
ENFs were enriched for ECM-adhesion and Notch signaling-related terms, supporting their 
mechanosensitive phenotype. In contrast, postnatal EPFs were enriched for a variety of ECM-
related terms, confirming that activation of Engrailed-1 in the wound environment by 
mechanosensitive ENFs was associated with the acquisition of a pro-fibrotic phenotype.  
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Figure S7: Characterization of wounds treated with multiple doses of Verteporfin. (A) 
Wound curve showing closure (re-epithelialization) rates for wounds treated with PBS (red) versus 
1 (blue), 2 (purple), or 4 (light blue) doses of Verteporfin at indicated intervals. N = at least 6 
wounds/condition. POD 4, 2 dose Verteporfin vs. PBS, *P = 0.0140; POD 8, 4 dose Verteporfin 
vs. PBS, *P = 0.0140; all other comparisons, P > 0.05. (B) Representative gross photographs of 
wounds treated with PBS (first row), 1 (second row), 2 (third row), or 4 (fourth row) doses of 
Verteporfin at POD 0 (left column) and 30 (right column). (C) t-SNE visualization of ECM 
ultrastructural properties for various treatment groups after 2 weeks or 1 month of healing (see 
legend). Clusters for unwounded skin and scar (PBS) highlighted by shaded regions. (D) 
Immunofluorescent histology for EPFs (GFP+), YAP+, and α-SMA+ cells in unwounded skin and 
PBS- or Verteporfin-treated scars. (E) Quantification of GFP+ cells (EPFs) per 20x HPF. 
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Figure S8: Comparison of immune cell infiltration (A) Immunofluorescent histology for 
CD11b+ myeloid cells (macrophages, neutrophils) in PBS- and Verteporfin-treated wounds at 
POD 7, 14, and 30. (B) Quantification of CD11b+ cells per 20x HPF (all comparisons n.s.).  
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Figure S9: Quantification of ECM fiber parameters at 2 weeks following wounding. (A) 
Quantified fiber parameters from unwounded skin and Verteporfin- or PBS-treated wounds at 
POD 14. Separate values were calculated for mature (red) versus immature (green) fibers, as 
assessed by Picrosirius staining. Dots represent the average of two wounds from each of N = 3 
mice. (B) P-values for comparison of fiber parameters (red, mature; green, immature) between 
unwounded skin and either PBS- (left) or Verteporfin-treated wounds (right). 
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Figure S10: Quantification of ECM fiber parameters at 1 month following wounding. (A) 
Quantified fiber parameters from unwounded skin and Verteporfin- or PBS-treated wounds at 
POD 30. Separate values were calculated for mature (red) versus immature (green) fibers, as 
assessed by Picrosirius staining. Dots represent the average of two wounds from each of N = 3 
mice. (B) P-values for comparison of fiber parameters (red, mature; green, immature) between 
unwounded skin and either PBS- (left) or Verteporfin-treated wounds (right). 
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Figure S11: Quantification of ECM fiber parameters at 3 months following wounding. (A) 
Quantified fiber parameters from unwounded skin and Verteporfin- or PBS-treated wounds at 
POD 90. Separate values were calculated for mature (red) versus immature (green) fibers, as 
assessed by Picrosirius staining. Dots represent the average of two wounds from each of N = 3 
mice. (B) P-values for comparison of fiber parameters (red, mature; green, immature) between 
unwounded skin and either PBS- (left) or Verteporfin-treated wounds (right). 
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Figure S12: Instron comparison of PBS- and Verteporfin-treated wounds after 1 month of 
healing (A) Representative force-displacement curve for unwounded skin (green), PBS-treated 
wounds (red), and Verteporfin-treated wounds (blue) after 1 month of healing. (B) Representative 
stress-strain curve for the same groups as (A). Verteporfin treatment yielded wounds that more 
closely resembled unwounded skin than scar (PBS treatment) after 1 month of healing.  
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Figure S13: Bulk RNA-seq analysis of Engrailed-1 shRNA knockdown. (A) Schematic 
detailing FACS-isolation, culture, and lentiviral shRNA-mediated knockdown of En-1 expression 
in ENFs. (B) Principal components analysis of control- and En-1-shRNA treated ENFs cultured 
on TCPS for 2, 7, and 14 days. (C) Gene expression heatmaps for control- (left) and En-1-shRNA 
(right) ENFs. (D) Quantification of relative En-1 transcription at Day 2, 7, and 14 of culture. N = 
3 wells with pooled ENFs derived from separate litters. (E) GO term enrichments for significantly 
upregulated genes after 14 days of culture on TCPS. (F) Gene set enrichment analysis of 
differentially expressed genes in control- and En-1-shRNA treated ENFs after 14 days of culture.  
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