Materials and Methods

Wounding experiments. All animal experiments were carried out in accordance with the
guidelines of the IACUC of the University of Pennsylvania and the University of California,
Irvine. Full thickness 1.5 x 1.5 cm (2.25cm”) excisional wounds were inflicted on the backs of

three to eight week-old mice as previously described (2).

Phenotype quantification methodology. Whole mount wounds were stained for Oil Red O and
the number of regenerated hair follicles was counted from the skin surface, where each new hair
is clearly visible. The number of new adipocytes was counted from the underside, where each
adipocyte is clearly visible due to their very large size and prominent marking by Oil Red O dye.
For each experiment, adipose tissue regeneration was quantified as the ratio of all new
adipocytes / all new hair follicles (aka adipocyte/hair follicle index). The index values for all
experiments, statistical significance and number of biological replicates are summarized in the
supplementary table S1. Some wound samples (Fig. 2B) were stained for lacZ and photographed,
then additionally stained for Oil Red O and photographed again. Adipocytes were then micro-

dissected and photographed under stereomicroscope.

Human scar cell isolation and culture. All human experiments were carried out in accordance
with the guidelines of the IRB of the University of California, Irvine, Children’s Hospital Los
Angeles and Kyungpook National University. Keloid fibroblasts were isolated as previously
described (23). Human hypertrophic scar myofibroblasts were derived from clinical specimen
biopsies and expanded in vitro as previously described (24). All information pertinent to human

scars is listed in supplementary table S2.

Primary mouse adipogenic cell culture. Primary scar cells were isolated from day 15 wound
dermis as previously described (/) with minor modifications. Single cell fractions were created
and cultured to confluence in high-glucose DMEM (Gibco) supplemented with 10% FBS
(Atlanta Biologicals) and 10,000ul/ml Pen/Strep cocktail (Gibco). Upon confluency, cells were
cultured in adipocyte differentiation media alone (Cell Solutions) or DMEM supplemented with
Sug/ml insulin (Sigma), and 1uM rosiglitazone (Sigma) with either 6ng/ml of recombinant

hBMP4 (R&D Systems), or 25ng/ml of recombinant hBMP2 (R&D Systems). After three days



of induction, cells cultured in differentiation media were switched to adipocyte maintenance
media (Cell Solutions). Cells were cultured in a water-jacketed incubator at 37°C with 5% CO,

output.

Primary human adipogenic cell culture. Primary human scar cells were cultured in
DMEM/F12 media (Gibco) supplemented with 10% FBS (Fisher Scientific). Upon confluency,
cells were switched to serum free DMEM/F12 media and treated with 20ng/ml recombinant
hBMP4 protein (R&D Systems) for 48 hours before differentiation. For the hair follicle
coculture, cells were grown in 12-well trans-well plates. Once near confluency, medium was
changed to William's E hair follicle organ culture medium (25), and 40 microdissected human
scalp anagen hair follicles were cocultured on top of the membrane insert in each well for 5 days.
Control cells were cultured in William’s E medium without hair follicles. In all cases, adipogenic
differentiation was induced by adding adipogenic cocktail: DMEM/F12 media supplemented
with 1% ITS premix (insulin-transferrin-selenium; BD  Biosciences), 0.5mM
isobutylmethylxanthine (Sigma), 0.lmM cortisol (Sigma), ImM dexamethasome (Sigma),
0.2nM triiodothyronine (Sigma), and ImM rosiglitazone (Cayman Chemical). After 4 days of
induction, cells were changed to maintenance media: DMEM/F12 media supplemented with 1%
ITS premix (BD Biosciences), 0.1mM cortisol (Sigma), and 0.2nM triiodothyronine (Sigma). For
the hair follicle coculture, cells were maintained in the induction media for 7 days. Lipid droplets

were visualized after 7 days and cells were harvested for RNA isolation on day 10.

Murine stromo-vascular fraction (SVF) isolation. Visceral fat pads were dissected, minced
and digested with 2.4U/ml collagenase and 1.5U/ml dispase mixture for 60 minutes at 37°C with
constant agitation. Digestion was then stopped with MEM + 10% FBS. Cells were washed,
filtered and centrifuged. Upon centrifugation, cells separate into two layers: fat-laden adipocytes
at the top and SVF pellet at the bottom. The SVF pellet was collected and used in hair patch

assays.

Hair patch assay. Epithelial and dermal cells were isolated from neonatal C57BL/6 mouse skin.
0.5x10° epithelial and 1x10° dermal cells were injected intradermally into nu/nu mice (Charles

River). In some experiments, freshly isolated Retn-lacZ SVF cells were added. In other



experiments neonatal dermis was substituted by 1x10° of Retn-lacZ DP cells that were
previously expanded for two weeks. The resulting patch assays were dissected and studied 14

days later.

Histology and immunohistochemistry. Immunostaining was performed on paraffin sections
with heat-based antigen retrieval as required. The primary antibodies used were goat anti-
ZFP423 (1:50; Abcam), rabbit anti-phospho-CEBPB'™'®® (1:50; Cell Signaling), rabbit anti-
PPARy (1:50; Cell Signaling), rabbit anti-Perilipin (1:750; Cell Signaling), rabbit anti-SMA
(1:200; Abcam), mouse anti-PCNA (1:200; Abcam), rabbit anti-phospho-SMAD1/5/8 (1:50, Cell
Signaling), rabbit anti-keratin K5 (1:250, Abcam), mouse anti-B-galactosidase (1:300;
Developmental Studies Hybridoma Bank), mouse anti-Cre Recombinase (1:1000; Millipore),
rabbit anti-tdTomato (1:1000; Rockland). Antibody masking was performed with donkey anti-

rabbit whole IgG at 20ug/ml (Jackson ImmunoResearch) as required.

qRT-PCR. Total RNA was isolated using Trizol reagent (Thermo) or RNEasy Micro-Kit
(Qiagen) as per manufacturer’s protocol with minor modifications. Total RNA was reverse-
transcribed and cDNA was amplified using PCR primers were previously described (8). See

supplementary tables S3 and S4 for the sequence of primers used.

Fluorescence-activated cell sorting. Dorsal skin was collected from mice at different post-
wounding time points. Scar tissue was micro-dissected, devoid of fascia and incubated in
Dispase II solution (Sigma) to separate epidermis from dermis. Dermis was disaggregated into
single cells with Collagenase IV (Sigma) at 37°C with constant rotation. Single cell fractions
were stained with Zombie Violet™ (1:1000; BioLegend) and FACS-sorted as
Zombie";tdTomato" with a BD FACSAria II flow cytometer (BD Biosciences) (fig. S12).

RNA isolation and SMART-seq2. Sorted, uncultured Zombie"%:tdTomato™ myofibroblasts
were re-suspended in RLT buffer supplemented with 1% beta-mercaptoethanol and homogenized
with QIAshredder (Qiagen). Total RNA was isolated using the RNEasy Micro-Kit (Qiagen) as
per manufacturer’s protocol with minor modifications, including DNase I treatment (Qiagen).

Optimal-quality RNAs were considered for cDNA library preparation (RIN>8.8). Full-length



cDNA library amplification was performed as previously described (26, 27). Briefly, 1ng total
RNA was reversed-transcribed, and resulting c¢cDNA was pre-amplified for 17 cycles.
Tagmentation was carried out on 18ng cDNA using the Nextera DNA Sample Preparation Kit
(Illumina). The Tn5 tagmentation reaction was carried out at 55°C for 5 minutes and purified
using PCR Purification Kit (Qiagen). Adapter-ligated fragments were amplified using limited
cycle enrichment PCR with Nextera barcodes for 7 continuous cycles, resulting libraries were
purified with AMPure XP beads (Beckman Coulter). Library quantification was done using
KAPA for Illumina sequencing platforms (Illumina). Libraries were multiplexed and sequenced
as paired-end on a Next-Seq500 Illumina sequencing platform (Cluster density = 296K/mm2,
Clusters PF = 71.2%, Q30 = 87.6%).

SMART-seq2 analyses. Paired-end reads were aligned to the mouse reference genome
(mm10/gencode.vM4) using bowtie (version 1.0.0) with default parameters. Transcripts were
quantified using the RNA-seq by Expectation-Maximization algorithm (RSEM) (version 1.2.12)
with the following default parameters: rsem-calculate-expression -p SCORES --paired-end (28).
Samples displaying >20,000,000 mapped reads with >75% mapping efficiency were considered
for downstream analyses. Differential expression dynamics across our single time experimental
series was identified using the two-step regression model algorithm MaSigPro with a P-value
cutoff of 0.05 for multiple hypothesis testing and a false discovery control rate of 0.01 (29, 30).
Principle component analysis was performed using the R ggbiplot package. Data is available at
GEO: GSE84256 (URL: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84256) and in
data S1.

Meta-analyses. Transcriptome-wide meta-analyses was performed on microarray and RNA-seq
datasets from skin-derived precursors (GEO: GSM464261) (31), Nes-Cre' and Nes-GFP"
subcutaneous fat pericytes (GEO: GSM1573101) (32), E14.5 dermal fibroblasts (DFs) and
dermal condensate cells (DCs) (GEO: GSE70288) (33), P5 dermal fibroblasts (DFs) and dermal
papilla cells (DPs) (GEO: GSE77197) (34), P56 Engr'/Engr"* fibroblasts (GEO: GSE65402)
(18), P2 Scal/Scal™® fibroblasts (GEO: GSE76751) (35) and cutaneous myofibroblasts isolated
from days 12, 15, 21 and 26 post-wounding (GEO: GSE84256). Processing of RNA-seq data

sets: Reads from single-end data sets and single reads (read 1) from paired-end data sets were



trimmed to 43 bp. The trimmed reads were aligned to the mouse genome (mm10/gencode.vM9)
using bowtie (version 1.0.0) with the following parameters: --offrate 1 -a -m 200 --best -p 16 --
seedlen 25 -n 2 -v 2. Gene expression levels were obtained using RSEM (version 1.2.25) and
used for the downstream analyses. Gene expression levels were transformed to Z-scores.

Microarray data processing: All microarray data processing was performed in R (version 3.2.3)

using corresponding Bioconductor packages. Raw microarray data were downloaded from GEO.
Data normalization was done using the rma function of affy package. Median expression values
were kept for genes that had multiple mapping probes. The gene expression levels from the
microarray data sets were combined in a matrix and quantile-normalized using the
normalizeQuantiles function of /imma package. Gene expression levels were transformed to Z-

scores. Combined RNA-seq and microarray data analyses: Gene expression Z-scores from RNA-

seq and microarray data sets were combined into a matrix and batch-effect corrected using the
ComBat function of sva package. Principle component analysis was performed using the R

prcomp function.

Supplementary Text

Supplementary Text S1: Additional lineage tracing results.

Several non-myofibroblast mesenchymal cell types display SM22-Cre and SMA-CreER™ activity
in and around the wound bed. These include vascular smooth muscle cells (VSMCs) of the
wound and peri-wound blood vessels, subcutaneous skeletal muscle panniculus carnosus and
dermal papilla cells of new hair follicles. To definitively establish that myofibroblasts are the key
mesenchymal adipogenic progenitors in the wound we performed a series of additional lineage
tracing experiments. First, we took advantage of the fact that not all smooth muscle contractile
proteins are expressed in myofibroblasts. Smooth muscle myosin heavy chain (SMMHC aka
MYHI11) is expressed exclusively by true smooth muscle cells (36) and is distinctly absent from
wound myofibroblasts (37). We performed lineage tracing in the wounds of SMMHC-
CreER™;R26R mice (38) using two induction protocols: 30 days before wounding to label pre-
existing VSMCs of the cutaneous blood vessels and their progeny (n=4) (fig. S9A-B), and
between days 11 and 17 after wounding to more specifically label VSMCs of the wound blood
vessels (n=4) (fig. S9C-D). Upon analysis on day 28, lacZ activity remained restricted to wound

and peri-wound blood vessels, and in all cases new adipocytes were not labeled.



Next, we traced the progeny of regenerating panniculus carnosus stem cells. Similar to other
skeletal muscles, regeneration of panniculus carnosus is dependent on PAX7-expressing satellite
stem cells. Intriguingly, a recent study that performed lineage tracing in Pax7-Cre mice
concluded that upon wound healing panniculus carnosus satellite progenitors convert into
dermal cells, and they constitute nearly a quarter of all cells in the newly formed scar tissue (39).
However, more careful examination of Pax7 promoter activity during development shows that it
becomes exclusive to skeletal muscle lineage only after E12.5 and prior to that time point it is
broadly active in dermomyotome precursors labeling dorsal dermis (40). Therefore, to achieve
satellite stem cell specificity, we performed lineage tracing using an inducible Pax7-CreER"™
model (41). In Pax7-CreER"™;R26R mice that were induced one week prior to wounding we
observed robust yet exclusive activation of lacZ expression in the regenerating muscle fibers of
the panniculus carnosus at the wound edge with no contribution to the wound scar tissue (n=4)

(fig. SIE).

Next, we tested adipogenic potential of dermal papilla cells from new hair follicles. During
wound regeneration dermal papillae form before adipocytes and in SM22-Cre and SMA-CreER™
mice they also activate reporter expression (fig. S7C, S8A’, S11B). In normal hair follicles
dermal papillae were reported to contain multipotent progenitors called skin-derived precursors
(SKPs) that, among other lineages, can be induced to differentiate into adipocytes (3/). A recent
study showed that CDI33-CreER" labeled dermal papilla cells of normal hair follicles do not
contribute progeny toward wound scar tissue (42). To definitively address contribution of dermal
papillae from new hair follicles toward new adipocytes, we performed wounding in CDI33-
CreER" :tdTomato mice (43). Although normally CDI33-CreER" is active in dermal papillae
during hair follicle development and during first anagen phase of the hair cycle (42, 44), it
becomes largely silenced during catagen and telogen phases. It also remains active in the
endothelium of some blood vessels as judged by the expression of endogenous lacZ reporter
contained within CDI133-CreER™ (fig. S10A). We show that CDI33-CreER™ becomes
reactivated in the new hair follicles, providing a genetic tool for specific tracing of new dermal
papilla cell progeny in the wound (fig. S10B). We now show that ten days after the induction of

tdTomato expression in new dermal papillae of CD133-CreER™ ;tdTomato mice, red fluorescent



cells continue to be restricted to new dermal papillae and no new adipocytes become labeled
(n=7) (fig. S10C, S10D). Lastly, we tested the adipogenic potential of dermal papilla cells in the
context of the so-called hair patch assay, which reproduces aspects of skin and hair follicle
organogenesis from dissociated cells (45). Because neonatal skin contains many committed
progenitors, including pre-adipocytes (46), patches generated with dissociated unsorted newborn
mouse epidermis and dermis result in robust development of both hair follicles and fat (n=12)
(fig. S10E). We then substituted newborn mouse dermis with vibrissa-derived dermal papilla
cells from mice with lacZ knocked into the Retn locus. In these patches we observed formation
of large vibrissa-like follicles and only occasional and always lacZ negative adipocytes (n=4)
(fig. S10G). In contrast, the Retn-lacZ stromo-vascular fraction (SVF) cells were able to form
lacZ positive adipocytes within patches (n=12) (fig. SI0F), confirming the lack of adipogenic
differentiation potential by dermal papillae cells in the context of hair follicle organogenesis.
Taken together, the above lineage tracing studies help to define the in vivo adipogenic potential
of various mesenchymal cells in the wound scar and also establish the role of myofibroblasts as

the key adipogenic progenitors (fig. SOF).

Supplementary Text S2: Differential gene expression dynamics in cutaneous wound
myofibroblasts.

Dermal fraction was isolated from dorsal cutaneous wounds of adult SM22-Cre,tdTomato mice
and viable myofibroblasts were FACS-sorted as Zombie"*;tdTomato™ from four post-wounding
time points (fig. S12), including: (1) day 12 — initial wound closure and peak of myofibroblast
presence, (2) day 15 — active formation of new hair follicles, (3) day 21 — appearance of ZFP423
expressing dermal progenitors juxtaposed to new hair follicles, and (4) day 26 — maturation of

new adipocytes.

To resolve the transcriptome of cutaneous wound myofibroblasts we performed SMART-seq2 on
RNAs isolated from viable, uncultured FACS-sorted tdTomato™ myofibroblasts (26, 27). To
identify unbiased gene expression profile changes in myofibroblasts across cutaneous
regeneration, we conducted inferential statistical analyses using the two-step regression model
algorithm maSigPro and identified 4,120 transcripts (approximately 10% of the vM4 gencode

gene annotation list) that showed statistically significant differential expression across all four



time points analyzed (P<0.05) (Fig. 3B; supplementary table S5) (29, 30). We analyzed the
expression patterns of all differentially expressed genes using K-means clustering. These
differentially expressed transcripts were grouped into five distinct clusters: (i) 1,412 transcripts
in cluster C1 were high on days 12 and decreased by day 21, (ii) 1,244 transcripts in cluster C2
were high on days 12 and 15 and decreased significantly by day 26, (iii) 379 transcripts in cluster
C3 transiently increased on days 15 and 21 relative to days 12 and 26, (iv) 688 transcripts in
cluster C4 increased on days 21 and 26, and (v) 397 transcripts in cluster C5 increased on day 26
(Fig. 3B). Among the differentially expressed genes, the number of enriched cell cycle regulators
significantly decreased during late post-wounding time points (compare small number of genes
in clusters C3-C5 vs. these in C1 and C2; Fig. 3C). Similar temporal dynamics (i.e. decrease at
late post-wounding time points) were observed for the enriched transcriptional regulators,
epigenetic enzymes and inflammatory pathway genes. Contractile genes became downregulated
after day 15, consistent with the shutdown of the active contractile state by myofibroblasts
during late wound healing stages. The number of enriched extracellular matrix and
secreted/signaling pathway genes showed a prominent increase at times coinciding with wound
adipogenesis, days 21 and 26 (in cluster C4; Fig. 3C). Principal component analysis (PCA) of
differentially expressed genes showed myofibroblasts from individual stages clustering closely
together (Fig. 3A; fig. S13), corroborating that pooled populations of myofibroblasts isolated

across wound regeneration display unique and dynamic transcriptomic profiles.

Supplementary Text S3: Changes in transcriptional regulators.

A number of transcriptional regulators previously implicated in adipogenesis show expression
changes consistent with the activation of adipogenic lineage commitment at late post-wounding
time points (fig. S14). Known modulators of adipogenesis, including negative regulators Nr2f6 (-
1.4x) (47) and E2f4 (-2.1x) (48) were downregulated (clusters C1 and C2 accordingly), while
Zfp423 (+2.6x) (9, 10, 49-52), Crebl2 (+1.9x) (53), Stat5bh (+1.7x) (54-56), and KIf15 (+2.6x)
(57, 58) were upregulated (clusters C4 and C5). Here and below, the day 26 vs. day 12 fold ratio
is shown. Concomitant with the above changes in adipose lineage regulators, expression changes
were observed for several key transcriptional regulators of alternative mesenchymal lineages,
including chondrogenic and osteogenic (fig. S14). Prominently downregulated were Sox9 (-2.7x)

(59-62), Sox11 (-2.4x) (63), Fhi2 (-2.4x) (64-66), Runx1 (-2.9x) (67, 68), Runx2 (-3.2x) (69-71),



Glis3 (-3.3x) (72), and Pitx1 (-2.1x) (73). Of note, key transcriptional regulators of the myogenic
lineage, Pax3, Pax7, Myf5, Myf6, and Myod were not differentially expressed in our time course
analyses (P>0.05).

Supplementary Text S4: Changes in major signaling pathways.

The above-described changes in transcriptional regulators were accompanied by substantial
changes in several major signaling pathways associated with adipose lineage regulation (fig.
S14). Signaling members of the pro-adipogenic bone morphogenetic protein (BMP) pathway
(74-76) showed changes consistent with BMP activation at late post-wounding stages, on days
21-26. Prominently, BMP antagonists Bambi (-1.6x) and Greml (-3.5x) were downregulated
(cluster C1), while BMP ligands Bmp4 (+5.0x) and Bmp7 (+7.4x) became upregulated (cluster
C4). Id] (+2.0x) and Id2 (+1.7x), known direct BMP targets, also were upregulated on day 26
(cluster C5). Also, BMP receptor Bmprla was transiently upregulated on days 15 and 21 (cluster
C3).

Opposite dynamics were observed for the members of the canonical Wnt signaling pathway,
which is largely associated with the inhibition of adipogenesis (77-79) (fig. S14). Wnt ligands,
Wnt2b (-3.8x) and Wnt7b (-1.2x) became downregulated (cluster C1), while soluble Wnt
antagonists Dkk2 (+14.3x), Wifl (+32.5x) and Sfrp4 (+2.3x) became upregulated during late
post-wounding stages (cluster C4). Inhibitory effect of SFRP4 on adipogenesis has been
previously demonstrated in vitro (80). Furthermore, downregulated during late stages were the
intracellular signaling mediators of Wnt, including Foxkl (-1.5x) (81), Ctnnbl (-1.3x), Tcf19 (-
2.1x) and Lypd6 (-1.9x) (82). Importantly, higher levels of canonical Wnt signaling on days 12-
15 are consistent with our earlier report on the activation of canonical Wnt signaling in wound
myofibroblasts at the onset of new hair follicle regeneration (/). At late stages (cluster C4), we
also observe an upregulation of Wnt5b (+2.7x) and Wntl6 (+3.4x), both of which have been
show to act as non-canonical Wnt ligands. Promoting effect of non-canonical Wnt signaling on

adipogenesis, in particular WNTS5b, has been documented in vitro (83-85).

Among other pathways (fig. S14), fibroblast growth factor (FGF) pathways show distinct gene

expression patterns during late stages. Several FGF ligands were upregulated, including Fgf9



(+3.6x), Fgfll (+1.7x), Fgfl4 (+1.9x) in cluster C4 and Fgfi0 (+3.1x) in cluster C5. Also
upregulated were FGF receptors Fgfi2 (+3.0x) and Fgfr4 (+5.7x) in cluster C4 and FGF binding
protein Fgfbpl (+11.3x) in cluster C5. Previously, FGF10 has been shown to stimulate
proliferative expansion of adipose progenitors (§6-88). Dynamic changes are also observed for
the insulin/insulin growth factor (IGF) signaling pathway. Prominently, ligand Igf2 (-19.8x), its
receptor Igf2r (-2.1x) and modulator of translation Igf2bp?2 (-4.1x) became downregulated in late
stages (cluster C2). In line with our observations, previous reports suggest that a decrease in
IGF2 levels is associated with increased fat deposition and occasional obesity (89, 90).
Moreover, IGF2 inactivation, along with MYOD (not differentially expressed), was shown to be

essential for brown fat vs. skeletal muscle cell fate selection (91).

Among other established and differentially expressed regulators of adipogenesis (fig. S14), Dikl
(-10.5x) (92-98) and Mest (-23.9x) (99), known negative regulators, were downregulated (cluster
C2), while Agouti (+2.2x) (100, 101), known positive regulator, was upregulated (cluster C5).
Also prominently upregulated in clusters C4 was adipokine Wisp2 (+21.3x) (13, 102, 103),
known to be highly expressed by adipose precursor cells (73).

Supplementary Text S5: Changes in the epigenetic regulators.

A number of changes are also observed in the expression of known epigenetic enzymes (fig.
S14). Numerous epigenetic enzymes broadly associated with global transcriptional repression
were downregulated during late time points. These include histone deacetylase Hdac9 (-2.1x)
and histone deacetylase complex subunit Sap30 (-4.5x). Also downregulated were several
histone methyltransferases, including Ezh2 (-2.4x), the key catalytic subunit of the Polycomb
repressive complex 2, and Whscl (-3.4x), both of which catalyze deposition of the repressive
H3K27me marks (mono-, di-. and tri-), and Suv39hl (-2.9x), which catalyzes deposition of the
repressive H3K9me3 marks. Other downregulated transcriptional repressors were polycomb
group ring finger protein Pcgf? (-2.1x), chromobox protein homolog Cbx5 (-2.2x), and
prominently, DNA methyltransferase Dnmtl (-2.3x). Among these factors, inhibitory effects
during adipogenesis were shown for HDAC9 (/04-107) and SUV39HI1 (/08). DNMT1 was
shown to become downregulated during adipocyte differentiation in vitro, and its siRNA-

mediated knockdown in pre-adipocytes induces premature differentiation (/09). Among other
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epigenetic modifiers with at least two-fold change in expression were putative histone
methyltransferase Prdm6 (+2.5x) in cluster C4 and chromatin remodeling protein Chd5 (+2.6x)

in cluster C5.

Supplementary Text S6: Meta-analysis of myofibroblasts’ transcriptome profile.

To gain further insight into the possible relation between wound myofibroblasts and dermal cells
from unwounded skin, we compared the RNA-seq profiles of myofibroblasts with previously
reported RNA-seq and microarray data sets from various dermal cell populations using principal
component analyses (PCA) (see “Meta-analyses” section of the Materials and Methods for
details) (fig. S15). We observe close association between Nes-Cre'/Nes-GFP" subcutaneous fat
pericytes, P56 Engr'/Engr"*® dermal fibroblasts, and P2 Scal /Scal™* reticular and papillary
dermal fibroblasts, suggesting negligible variance between their transcriptomes, but otherwise
significant transcriptome variance relative to other dermal cells, including wound myofibroblasts
from all time points. Recently, Engr" fibroblasts (EPFs), but not Engr"*® fibroblasts (ENFs) were
shown to be the predominant type of scar-forming fibroblasts in small excisional skin wounds in
adult mice (/8). Our PCA suggests significant transcriptome variance between myofibroblasts in
large wounds and Engr'/Engr"® dermal fibroblasts, suggesting that myofibroblasts undergo
significant transcriptome changes following wounding. Scal ™ reticular dermal fibroblasts were
recently described as having a pre-adipocyte gene signature, validated in vitro by their ability to
undergo adipocyte differentiation (35). Significant transcriptome variance between
myofibroblasts and Scal” dermal cells does not support a close relationship. We also compared
myofibroblasts to skin-derived precursors (SKPs) and Sox2" dermal papilla cells (the primary
source of SKPs in adult mouse skin). Both SKPs and Sox2" dermal papilla cells were reported to
be multipotent based on their ability to differentiate in vitro and in cell transplantation assays
into several mesenchymal cell types, including adipocytes, as well as several types of neuronal
cells, peripheral neurons and Schwann cells (37). However, a recent study (42) and our lineage
studies (see supplementary text S1) show no contribution from pre-existing and new dermal
papilla cells toward wound scar tissue and new adipocytes. In parallel, we also see high
transcriptome variance between SKPs, Sox2" dermal papilla cells and myofibroblasts from all
time points. Together, our lineage tracing and reconstitution patch assays (fig. S10) coupled with

transcriptome-wide meta-analyses (fig. S15) suggest that multipotent precursors of the dermal
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papilla are the unlikely source of new adipocytes. Importantly, on PCA analysis, E14.5 dermal
fibroblasts (DFs) and dermal condensate cells (DCs) (33) cluster in close proximity to day 12
and 15 myofibroblasts, while P5 dermal fibroblasts (34) cluster close to day 21 and 26
myofibroblasts. These results are in line with the notion that: (i) the transcriptomes of
myofibroblasts in adult regenerating wounds undergo changes similar to these in dermal
fibroblasts during skin morphogenesis, and (ii) that wound myofibroblasts reprogram toward a

distinct regeneration-competent state.

Supplementary Text S7: Adipogenic conversion of human scar fibroblasts in vitro.

Human cells derived from keloid (n=3) and hypertrophic scars (n=3; supplementary table S2)
were subjected to adipogenic culture (see Materials and Methods). Cells were pre-treated with
hBMP4 for 48 hours in an attempt to induce BMP-mediated adipogenic commitment, and then
differentiated using standard adipogenic cocktail. As judged by the appearance of Oil Red O
positive cells with typical adipocyte morphology, these culture conditions consistently induced
adipogenic conversion of keloid (Fig. 4C), but not hypertrophic scar cells (fig. S22). Adipogenic
conversion of keloid scar fibroblasts was accompanied by the upregulation of adipogenic genes,
ZNF423 (human Zfp423 homolog), ADIPOQ, ADIPOSIN, PPARG2, FABP4 (Fig. 4D).
Importantly, adipogenic potential of both hypertrophic and keloid scar cells without hBMP4
treatment was low. Next, to test if anagen hair follicles are sufficient to induce adipogenic
conversion of human keloid cells, we cocultured them with freshly microdissected human scalp
anagen hair follicles for five days prior to inducing adipogenic differentiation. To prevent
possible contamination of keloid cell culture with hair follicle-derived cells, the latter were
cultured on top of an insert that prevents cell migration (see Materials and Methods; fig. S22E).
We show that hair follicle coculture is sufficient to substitute for hBMP4 and it induces
adipogenic conversion of keloid cells, as judged by the formation of BODIPY-positive lipid-
containing adipocytes (Fig. 4E) and activation of adipogenic gene expression (Fig. 4F).
Together, these results indicate partial conservation of the BMP-ZFP423 adipogenic
reprogramming pathway in human keloid scar cells and also show that hair follicles are sufficient

to induce adipogenic reprograming.
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Supplementary Figures

A WT, Day 28 New hairs B WT, Day 28 New hairs

Hairless / fatless scar

Fig. S1: Wound induced new hair follicles and new fat. (A-B) View from skin surface. In
large wounds, many new hair follicles regenerate in the center and commonly lack pigmentation.
(C) View of underside of skin. New adipocytes are maintained 6 months post-wounding in
close physical proximity to new hair follicles and not in the hairless portions of the scar
(enlargement is rotated). (D) New adipocytes do not regenerate in hairless wounds. Wound

samples were stained for Oil Red O to detect adipocytes. Scale bars in (A) to (D), 1 mm.
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A Retn-lacZ, Day 24 Oil Red O LacZ+ multilocular new fat cells
: - a v. e

Fig. S2: Maturation of new adipocytes. On day 24 new adipocytes have a multilocular
morphology (A), but acquire a unilocular morphology by day 28 (B). Retn-lacZ wound samples
were stained for lacZ (nuclear localization, arrows) and counterstained for Oil Red O. Views of

underside of skin. Scale bars in left panels, 1 mm; in right panels, 200 pm.
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Peri-wound
lacZ+ fat

Fig. S3: New adipocytes express the fat-specific hormones resistin and adiponectin. (A)
Similar to normal skin adipocytes, new adipocytes in the wound express the fat-specific hormone
resistin as seen in Retn-lacZ mice expressing nuclear lacZ. (B) In the skin of Adipog-Cre;R26R
mice, both normal adipocytes at the wound edge and new adipocytes in the wound center express
lacZ. Note lack of lacZ positive cells in hairless portion of the scar. Views of underside of skin.

Scale bars in left panels, 1 mm; in right panels, 200 pm.
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different times. (B) In vitro adipogenesis confirmed by differential expression of white adipose-

specific genes, Zfp423, Pparg2, Adiponectin, Resistin.
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Fig. S5: New adipocytes temporally express characteristic developmental markers for
adipocytes. (A) SMA positive myofibroblasts are present at the wound edge at day 5 and then in
the wound center at day 12. By day 17, dermal cells express very little SMA. On days 21 and 24,
dermal cells expressing adipocyte precursor markers, ZFP423 and pCEBP, (B, C), and then the
adipocyte differentiation marker, PPARY, appear sequentially (D). Note that panel A is identical
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Fig. S7: New adipocytes in the wound arise from SM22-Cre positive cells. (A-D) New
adipocytes (white arrowheads in C and D) express lacZ in SM22-Cre;R26R mice. This contrasts
with the lack of expression in normal cutaneous (B) and visceral fat cells (A). Other expression
sites of SM22-Cre in the wound include blood vessels, dermal papillae (green arrowhead in C)
and epithelial outer root sheath of some wound and peri-wound hair follicles (blue arrowheads
on B and C). LacZ positive new adipocytes in D were counterstained for Oil Red O.

(E, F) SM22-Cre driven deletion of Ppary results in the near complete loss of new adipocytes,
while normal skin adipocytes at the wound edge develop properly. Formation and growth of new
hair follicles in SM22-Cre; Ppary™”"™ mice is largely unaffected. Wound samples were stained
for Oil Red O. Views of underside of skin. Scale bars in (A), (B), (E) and (F), 1 mm; in (C), 200
pum; in (D), 50 um.
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Fig. S8: SM22-Cre expressing cells give rise to new adipocytes in the wound. (A, A’) New
adipocytes (white arrows in A’) express red-fluorescent reporter in SM22-Cre; tdTomato mice
indicating that they originate from myofibroblasts. Views of underside of skin.

(B, B’) New adipocytes in SM22-Cre;tdTomato wounds (white arrows) co-express adipocyte
marker Perilipin (red) and tdTomato (green) confirming that they originate from myofibroblasts.
(C, C’) New Perilipin-positive adipocytes (red) in SM22-Cre ;tdTomato wounds do not co-
express Cre Recombinase (green) confirming that cells no longer activate Sm22-Cre. Insert
shows positive Cre Recombinase expression (green) on the blood vessel in the wound. Scale bars

in (A), 1 mm; in (A’), 200 pm; in (B) and (C), 100 um.
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Fig. S9: Among wound myofibroblasts, vascular, and muscle cells adjacent to the wound,
only wound myofibroblasts give rise to new adipocytes. (A-D) SMMHC expressing vascular
smooth muscle cells do not contribute to new adipocytes as confirmed by lineage tracing in the
wounds of SMMHC-CreER™;R26R mice induced either 30 days prior to wounding (A, B) or
between days 11-17 after wounding (C, D). With both induction protocols, lacZ positive cells
remain restricted to wound and peri-wound blood vessels (arrowheads).

(E) PAX7 expressing satellite stem cells of the panniculus carnosus muscle do not contribute to
new adipocytes as confirmed by lineage tracing in the wounds of Pax7-CreER™;R26R mice
induced one week prior to wounding. LacZ labeled cells remain restricted to regenerating
skeletal muscle fibers.

(F) Schematic representation of contractile cell types in and around regenerating wounds.
Among heterogeneous contractile cell types, only wound myofibroblasts contribute progenitors
toward new fat tissue. Views of underside of skin. Scale bars in (A) to (D), 200 um; in (E), 1

mm.
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Fig. S10: Dermal papillae of new hair follicles do not possess adipogenic progenitor
potential. (A, B) Activity of endogenous lacZ reporter in adult CDI33-CreER™ mice is
restricted to isolated cutaneous blood vessels and to dermal papillae of new (white arrowheads),
but not normal peri-wound hair follicles. (C, D) CD133 expressing new dermal papilla cells do
not contribute to new adipocytes as confirmed by lineage tracing in the wounds of CD/33-
CreER";tdTomato mice induced between days 11-17 after wounding. On day 28, tdTomato
labeled cells remain restricted to dermal papillae of new follicles and do not convert into new
adipocytes.

(E-G) In a hair follicle reconstitution assay, Retn-lacZ vibrissa-derived dermal papilla cells
induce formation of new follicles, but do not give rise to lacZ positive adipocytes (G). In
contrast, Retn-lacZ WAT stromo-vascular fraction cells contribute lacZ positive adipocytes into
reconstituted skin generated with newborn dermis and epidermis (F, arrowheads). Samples on E
and G (right panel only) were counterstained for Oil Red O. Views of underside of skin. Scale
bars in (A) to (G), 200 pm.
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Fig. S11: SMA-CreER™ can be used to lineage trace wound myofibroblasts. (A) Cre
induction in SMA-CreER";tdTomato mice 14 days before wounding results in preferential
labeling of vascular smooth muscle cells. (B) Induction during days 9-14 after wounding results

in labeling of myofibroblasts in the wound center. Views of underside of skin. Scale bars in (A)

and (B), 2 mm.
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Fig. S12: Sorting strategy for wound myofibroblasts. (A) Schematic representation of
sequential FACS gating of wound myofibroblasts. Single dermal fractions (DF) from SM22-
Cre;tdTomato mouse wounds were gated on viable cells (Zombie"®). tdTomato" populations
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Fig. S13: Analyses of myofibroblast RNA-sequencing data during wound healing. (A)

Spearman correlation coefficients for gene expression profiles of biological replicates. (B)

Hierarchical clustering of myofibroblasts based on Euclidean distance. (C) qRT-PCR against

select genes in sorted cutaneous myofibroblasts at different time points post-wounding (n=2 for

each time point). Values in the graphs are means + SEM normalized to post-wounding day 21.
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Fig. S14: Gene expression changes in myofibroblasts during wound healing reflect their
conversion to adipocytes. Adipogenic inhibitors are highly expressed at early time points

whereas, in later time points, activators of adipogenesis are highly expressed.
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Fig. S15: Transcriptome-wide meta-analysis of wound myofibroblasts and dermal cells

from unwounded skin. Transcriptome-wide comparison between myofibroblasts from days 12,

15, 21 and 26 (green triangles) and previously reported dermal cell populations (see “Meta-

analyses” section of the Materials and methods for technical details). Analysis reveals that

wound day 12 and 15 myofibroblasts cluster the closest to E14.5 dermal fibroblasts (DF) and

dermal condensate (DC) cells (dark and light purple triangles), while wound day 21 and 26

myofibroblasts cluster near P5 dermal fibroblasts (DF) (light blue circles). Wound

myofibroblasts at all time points are distinct from the reported primary passaged skin-derived

precursor (SKP) cells (dark orange circles) and sorted Sox2-GFP';CD34"¢ (Sox2") neonatal

dermal cells (light orange circles).
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Fig. S16: Normal adipogenesis during skin development depends on Zfp423. (A) Schematic
representation of the key signaling events in white adipose lineage development. (B, C) LacZ
expression in Zfp423-lacZ reporter mice reveals transcriptional activation of Zfp423 in dermal
cells around hair follicles at post-natal day 8 (B), but not in adult skin during active hair growth
(C). Note that the ZFP423 reporter is also active in dermal papillae and blood vessels. (D) At
post-natal day 8, the cutaneous fat layer in dorsal skin of Zfp423 null mice appears thinner than
in control, but hair follicles develop normally. (E) Schematic representations depicting
differences in ZFP423 reporter activity between developing and mature skin. Views of

underside of skin. Scale bars in (B) to (D), 200 pm.
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Fig. S17: Spatio-temporal patterns of Zfp423 activity (lacZ expression) in the wounds of
Zfp423-lacZ mice. (A) Zfp423 activity (blue) was detected in dermal papilla of new hair follicles
(green arrowheads), in blood vessels (orange arrowheads) and in dermal cells (purple
arrowheads) surrounding new hair follicles starting at wound day 21. On wound day 24, new
adipocytes (red arrowheads) also express Zfp423 activity. Note that wound day 24 panel is an
enlargement of fig. SI8B (same sample). (B) Schematic depiction of Z{p423 reporter patterns

seen in regenerating wounds. Scale bars in (A), 200 pm.
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Fig. S18: Details of Zfp423 activity (lacZ expression) in the wounds of Zfp423-lacZ mice. (A)
Many lacZ positive cells start to appear in close proximity to new hair follicles on wound day 21.
LacZ is also expressed on wound blood vessels, and by dermal papillae of virtually all new hair
follicles (arrowheads). (B) On day 24, lacZ expression persists on dermal progenitors next to
new hair follicles and on wound blood vessels. It turns off on dermal papillae of new hair
follicles. Additionally, few newly differentiated new adipocytes express lacZ. (C) On wound day
28, the number of lacZ positive wound dermal progenitors sharply decreased, replaced by many
lacZ positive mature adipocytes. Expression persists on wound blood vessels. Views of

underside of skin. Scale bars in (A) to (C), 200 pm.
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Fig. S19: Patterns of proliferation and BMP signaling during new fat regeneration. Large
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Fig. S20: BMP signaling is necessary for Zfp423 reporter activation in regenerating
wounds. (A, B) In K/4-Noggin mice, which overexpress the soluble BMP antagonist noggin,
Zfp423 activity becomes significantly downregulated on day 21 in dermal wound cells

surrounding new hair follicles, as well as in blood vessels. Scale bars in (A) and (B), 200 um.
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Fig. S21: BMP signaling is necessary for Zfp423 reporter activation in wounds. Treatment
with the BMP antagonist, LDN-193189 (2mg/kg), during wound healing significantly
downregulated Zfp423 activity on day 21 in dermal cells surrounding new hair follicles, and in
blood vessels. Asterisk marks lacZ-positive dermal papillae of new hair follicles. Scale bars, 100

pum.
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Fig. S22: Adipogenic differentiation of human hypertrophic scar fibroblasts. In vitro

treatment of cells with hBMP4 prior to differentiation does not induce an increase in adipogenic

potential in human hypertrophic scar fibroblasts (C) as compared to non-hBMP4 control (B). No

adipocytes formed without differentiation media (A). Cells are stained for Oil Red O. (D) qRT-

PCR against select adipogenic genes shows that only ADIPISIN becomes significantly

upregulated following hBMP4 treatment (n=3). Scale bars in (A) to (C), 200 pm. Values in the

graphs are means + SEM. *P =0.0155.
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Fig. S23: Overexpression of WNT7a blocks adipocyte neogenesis in wounds. In contrast to
WT control mice (A), in K/4-Wnt7a mice overexpressing WNT7a (B), new adipocytes do not
form after wounding despite formation of increased numbers of new hair follicles. Scale bars in

(A) and (B), 1 mm.
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Fig. S24: Proposed model for wound induced hair follicle and fat regeneration in adult skin
wounds. New hair follicles regenerate on days 14-19 via an Fgf9/WNT feedback loop-dependent
signaling mechanisms. The cellular basis for hair regeneration (i.e. changes in cell lineage
identity) remains to be established. Our current study reveals that new adipocytes regenerate on
days 21-28 via BMP-ZFP423 driven lineage reprograming of non-adipogenic wound
myofibroblasts.
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Supplementary Tables

Supplementary table S1: Mice used in the study.

Adipocyte/hair Post-
Transgenic mouse line pocy? P value wounding N
follicle index day

Experiment: Constitutive deletion of Ppary in

myofibroblasts

SM22-Cre; Ppary™™"* (mutant) 0.62+0.2 P<0.05 Day 28 7
SM22-Cre;Ppary"" (control) 241628 Day 28 7
Experiment: Inducible deletion of Ppary in

myofibroblasts

R ox/flox

SMA-CreERT2; Ppary” 05+£007 | P<0.05 | Day28 6
(mutant)

SMA-CreERT2; Ppary”™* (control) 22.7+5.1 Day 28 6
Experiment: Whole-body deletion of Zfp423

Zfp423-/- (mutant) 0.07 +0.06 P<0.05 Day 28 9
Zfp423+/- (control) 29.6+54 Day 28 9
Experiment: Skin specific over-expression of soluble

BMP antagonist Noggin
K14-Noggin (mutant) 0.2+0.1 P<0.05 Day 28 10
WT (control) 30.6 6.3 Day 28 10
Experiment: Inducible deletion of BMP receptor Bmprla in

myofibroblasts

_ . Tox/flox

SMA-CreERT2;Bmprld 038+036 | P<0.05 | Day28 6
(mutant)

Tamoxifen treated control 239+1.5 Day 28 3
Experiment: Pharmacological treatment of mice

with LDN-193189

WT (treated) 0.58 £0.35 P<0.05 Day 28 7
WT (vehicle control) 58+1.4 Day 28 4
Experiment: Skin specific over-expression of

soluble WNT ligand Wnt7a
K14-Wnt7a (mutant) 0.6+0.3 P<0.05 Day 28 6
WT (control) 28+4.2 Day 28 6
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Supplementary table S2: Primary human cells used in the study.

ID Gender Ethnicity ‘ Age (yrs.) ‘ Source Clinical History
Wound healing pathology: Keloid scar
K126 | Female Caucasian 62 Breast NA
K117 | Female Caucasian 30 NA NA
K120 | Female A. American NA NA NA
Wound healing pathology: Hypertrophic scar
HS-1 | Female Caucasian 60 Breast NA
HS-2 | Female Caucasian 62 Breast Breast cancer
HS-3 | Female Asian 50 Breast Breast cancer

Supplementary table S3: Mouse primers used in the study.

Gene \ Forward Primer (5’ —3°) \ Reverse Primer (5’ — 3’)
Mouse
Gapdh GAAGGTGAAGGTCGGAGT GAAGATGGTGATGGGATTTC
Adipogq GCACTGGCAAGTTCTACTGCAA GTAGGTGAAGAGAACGGCCTTGT
Retn CTGTCCAGT CTA TCC TTG CAC AC CAGAAGGCACAGCAGTCTTGA
Pparg GTGCCAGTTTCGATCCGTAGA GGCCAGCATCGTGTAGATGA
Wnt2b AGAGTGCCAACACCAGTTCC ACGAGGTCATTTTTCGTTGG
Sox9 ACGGCTCCAGCAAGAACAAG TTGTGCAGATGCGGGTACTG
Zfp423 TGGCCTGGGATTCCTCTGT TTGTCGCACTGTTCAGTTCTC
Bmp4 GCCCTGCAGTCCTTCGCTGG CTGACGTGCTGGCCCTGGTG
Lepr ACGTGGTGAAGCATCGTACT GGCCATGAGAAGGTAAGGTT
Wifl GATTTCAGGAAAGCCCAACAAAGAA | GTTGGATCTGCCATGATGCCTTT
KIf15 CACCAAGAGCAGCCACCTCA CGGGACACTGGTACGGCTTC
1d] CGACTACATCAGGGACCTGCA GAACACATGCCGCCTCGG
Dlkl AAGGACTGCCAGAAAAAGGAC GCAGAAATTGCCTGAGAAGC

Supplementary table S4: Human primers used in the study.

Gene

Forward Primer (5’ — 3°)

Reverse Primer (5’ — 3’)

Human

ADIPOQ

CCCAACATGCCCATTCGCTTT

ACAGCCCAGGAATGTTGCAGT

ADIPSIN

TGGAGGTGGGTGCTTGTAGTT

GGTGCAATCACAACTCACTGC

FABP4

GTCATGAAAGGCGTCACTTCCAC

CAATGCGAACTTCAGTCCAGGTC

PPARG2

GCAGGAGATCACAGAGTATGCCA

TCAAGGAGGCCAGCATTGTGT

RPS18

TGCAGAATCCACGCCAGTACA

ATCTTCTTCAGTCGCTCCAGGTC

ZNF423

CCAAATCCACGTTGCCAACCA

TGCTCAATGAGGTGACAGAGGAG
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