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Abstract 

Although regeneration through the reprogramming of one cell lineage to another occurs in fish and 
amphibians, it has not been observed in mammals. We discovered in the mouse that during wound 
healing, adipocytes regenerate from myofibroblasts, a cell type thought to be differentiated and 
nonadipogenic. Myofibroblast reprogramming required neogenic hair follicles, which triggered bone 
morphogenetic protein (BMP) signaling and then activation of adipocyte transcription factors expressed 
during development. Overexpression of the BMP antagonist Noggin in hair follicles or deletion of the BMP 
receptor in myofibroblasts prevented adipocyte formation. Adipocytes formed from human keloid 
fibroblasts either when treated with BMP or when placed with human hair follicles in vitro. Thus, we 
identify the myofibroblast as a plastic cell type that may be manipulated to treat scars in humans 

Wound healing in adult humans and mice generally results in a scar with excess collagen and an absence 
of hair follicles and cutaneous fat. Recently, we and others discovered that a large skin wound in an adult 
mouse often regenerates hair follicles under the control of the Wnt and fibroblast growth factor (FGF) 
pathways (fig. S1) (1–6). We then noticed new adipocytes within healed wounds that are indistinguishable 
from normal cutaneous fat cells in terms of size, density, and depth from the skin surface (Fig. 1, A and B, 
and fig. S1C). The new adipocytes never form in the hairless part of the wound but develop exclusively 
around new hair follicles (Fig. 1B and fig. S1C). Regenerated hair follicles begin to form around 14 days 
postwounding, after reepithelialization (2). The first new adipocytes (orange) appear at 23 days, 
immediately adjacent to the growing hair follicle (blue), and their number and size increase over the next 
few days (Fig. 1A and fig. S2). The new adipocytes are classifiable as physiologically mature and 
metabolically active white adipose cells because they express fat tissue–specific hormones, resistin and 
adiponectin, detected as lacZ-positive cells in Retn-lacZ mice (7) (n = 9) (figs. S2 and S3A) and Adipoq-
Cre;R26R mice (n = 8) (fig. S3B), respectively. Given the close spatial and temporal association between 
regenerated hair follicles and regenerated fat, we asked whether hair follicles are necessary to establish 
adipocyte precursors. To test for such precursors, we placed dermal cells from wounds in a culture that 
promotes adipocyte differentiation (8). Dermal cells from wounds with regenerated hair follicles 
differentiated into lipid-laden adipocytes, but dermal cells from wounds without hair follicles did not (Fig. 
1C). Efficient in vitro differentiation and adipose gene up-regulation were consistently induced from 
dermal cells that originated from hair-bearing, but not hairless, wounds at different postwounding time 
points, as early as 22 days (Fig. 1C and fig. S4). To determine the cellular origin of the new adipocytes, we 
considered that during early wound repair, dermal wound tissue contains many myofibroblasts 
expressing smooth muscle actin. Myofibroblasts appear in large excisional wounds on day 5 and become 
abundant in the dermal scar tissue by day 12. These cells largely cease to express smooth muscle actin by 
day 17 (Fig. 2A). Cells expressing the adipogenic commitment factors ZFP423 (9, 10) (figs. S5B and S6A) 
and pCEBPb (figs. S5C and S6B) appear adjacent to the new hair follicles at days 21 and 24, respectively. 
This sequence suggests that myofibroblasts assume an alternative cell fate by converting to adipogenic 
precursors. To test this, we examined the lineage identity of new adipocytes in SM22-Cre;R26R and 
inducible SMA-CreERT2;R26R mice, in which Cre activity turns on in wound myofibroblasts (Fig. 
2B and fig. S7, B to D). In normal depots of white fat, SM22-Cre and SMA-CreERT2 are not activated in 
adipocytes (Fig. 2C and fig. S7A) (11). However, in SM22-Cre;R26R (n = 12) and SMA-CreERT2;R26R mice 
induced during wound healing (n = 4), most new adipocytes in wounds expressed lacZ, indicating their 
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origin from myofibroblasts (figs. S8 and S11). To functionally validate a myofibroblast-to adipocyte 
transformation, we generated the lossof-function SM22-Cre;Pparg flox/flox and inducible SMA-
CreERT2;Pparg flox/flox mice. Wounds of SM22- Cre;Pparg flox/flox mice formed many new hair follicles 
but were nearly devoid of new adipocytes [n = 7; new adipocyte/follicle ratio, 0.62 ± 0.2, versus 24.1 ± 6.8 
in control mice (n = 7)] (fig. S7F and materials and methods). The difference between experimental and 
control groups was nearly 40-fold (fig. S7E and table S1). Importantly, in SM22-Cre;Pparg f lox/f lox mice, 
depots of white fat outside the wound, both subcutaneous and elsewhere, were unaffected. Similarly, 
tamoxifen induction of SMA-CreERT2;Pparg flox/flox mice during early time points after wounding largely 
prevented regeneration of adipocytes [n = 6; new adipocyte/follicle ratio, 0.5 ± 0.07, versus 22.7 ± 5.1 in 
control mice (n = 6)] (Fig. 2, D and E). Taken together, our lineage tracing studies establish myofibroblasts 
as the source for new regenerating adipocytes (fig. S9F). To evaluate the possible contribution of other 
SM22- or SMA-positive cell populations—including vascular smooth muscle cells, panniculus carnosus 
muscle, and dermal papillae of new hair follicles— to fat regeneration, we traced the progeny of these cell 
populations by using relevant promoter systems. We found no contribution of these cell types to new 
adipocytes (figs. S9 and S10 and supplementary text S1). To comprehensively study the molecular nature 
of lineage reprograming of myofibroblasts to adipocytes in wounds in adult mice, we profiled the 
transcriptomes of wound myofibroblasts by RNA sequencing (Fig. 3, A to C; figs. S12 to S15; 
and supplementary text S2 to S6). Among 4120 differentially expressed genes (Fig. 3B), at the onset of 
adipocyte regeneration, several transcriptional regulators of the adipocyte lineage—including Zfp423, 
Crebl2, Stat5b, and Klf15—were up-regulated, whereas transcriptional regulators of chondrogenic and 
osteogenic lineages—including Sox9 and -11, Runx1 and -2, Fhl2, and Pitx1—were downregulated (fig. 
S14 and supplementary text S3). The reporter for the ZFP423 transcription factor, which drives 
commitment of mesenchymal progenitors to the adipocyte lineage during embryogenesis (9), was 
expressed by dermal cells juxtaposed to regenerated hair follicles starting on day 21 after wounding (figs. 
S17 and S18A). Then, the number of ZFP423-positive dermal cells increased, before diminishing by day 
28, coincident with the increase in mature adipocytes (figs. S17 and S18, B and C). The temporal changes 
in ZFP423 expression suggest that wounding activates this embryonic pathway to facilitate adipocyte 
regeneration. Supporting this hypothesis, adult Zfp423 mutant mice (12) failed to regenerate fat 
completely, despite forming many new hair follicles after wounding [n = 9; new adipocyte/follicle ratio, 
0.07 ± 0.06, versus 29.6 ± 5.4 in control mice (n = 9)] (Fig. 3D). The critical role of ZFP423 for 
reprogramming myofibroblasts during wound healing in the adult contrasts with its nonessential role for 
adipocyte development in the embryo because Zfp423 mutant mice possess skin adipocytes (fig. S16), 
likely owing to compensation by redundant pathways apparently available during development but not 
regeneration. To determine the molecular regulation of reprogramming, we considered that bone 
morphogenetic protein (BMP) signaling induces adipogenic commitment of cells in vitro (9, 13) and that 
actively growing hair follicles, which are critical for myofibroblast-to-adipocyte reprogramming, strongly 
express BMP2 and BMP4 (14). Our transcriptomic data also show that endogenous BMP ligands encoded 
by Bmp4 and Bmp7 are upregulated, whereas the soluble BMP antagonists encoded by Bambi andGrem1 
are down-regulated in myofibroblasts by day 21 (fig. S14 and supplementary text S4). We also noted 
marked upregulation of expression of pSMAD1/5/8—indicators of active BMP signaling—in dermal cells 
next to regenerated hair follicles at the time of ZFP423 activation (day 21) (fig. S19A). To test whether 
BMP signaling modulates adipocyte regeneration, we studied K14-Noggin mice, which overexpress 
Noggin, a soluble BMP antagonist, in the epithelial cells of the hair follicle. After wounding, these mice 
failed to regenerate fat, despite forming normal-appearing hair follicles [n = 10; new adipocyte/follicle 
ratio, 0.2 ± 0.1, versus 30.6 ± 6.3 in control mice (n = 10)] (Fig. 3E). Similarly, treatment of mice during 
wound healing with a small-molecule inhibitor of SMAD1, -5, and -8 phosphorylation largely prevented 
new adipocyte regeneration in hair-bearing wounds (n = 7; new adipocyte/follicle ratio, 0.58 ± 0.35) (Fig. 
3G). ZFP423 reporter activity was down-regulated in the Zfp423-lacZ;K14-Noggin (fig. S20) and inhibitor 
treated Zfp423-lacZ mice (fig. S21), indicating that BMP was activating ZFP423 in myofibroblasts. To 
specifically test whether BMP signaling in myofibroblasts is necessary for adipocyte regeneration, we 
deleted the BMP receptor BMPR1A in SMACreERT2;Bmpr1aflox/flox mice. This led to a lack of new 
adipocytes, despite the formation of many new hair follicles [n = 6; new adipocyte/follicle ratio, 0.38 ± 
0.36, versus 23.9 ± 1.5 in control mice (n = 3)] (Fig. 3F). In addition, exposing myofibroblasts from early 
wounds to either BMP4 or BMP2 in vitro reprogrammed them toward an adipocyte fate (Fig. 4, A and B). 
Because Wnts are known inhibitors of adipocyte differentiation, we also examined K14-Wnt7a mice and 
discovered a lack of fat regeneration, despite an increased number of new hair follicles after wounding [n 
= 6; new adipocyte/follicle ratio, 0.6 ± 0.3, versus 28 ± 4.2 in control mice (n = 6)] (fig. S23). To determine 
the relevance of our findings to humans, we treated keloid scar cells in culture with BMP4 and induced 
their conversion to lipidladen adipocytes, as indicated by expression of adipocyte markers (n = 3) (Fig. 4, 
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C and D). Coculture of human keloid fibroblasts with human scalp hair follicles also induced their 
adipogenic conversion (Fig. 4, E and F, and supplementary text S7). Taken together, our data suggest that 
new hair follicles in a wound reprogram myofibroblasts to an adipocyte fate by activation of the BMP-
ZFP423 pathway (fig. S24). Myofibroblasts, which are characterized by contractile behavior, excessive 
collagen deposition, and secretion of profibrotic cytokines, are found in many tissues in response to injury 
and inflammation. Although the developmental origin of cutaneous myofibroblasts continues to be 
elucidated (15–18), at the transcriptome level, they are largely distinct from any well-characterized 
fibroblast populations in unwounded skin, including multipotent skin-derived precursors (fig. 
S15 and supplementary text S6), and their scar-promoting properties are thought to be maintained by 
epigenetic changes, including DNA hypermethylation (19). Therefore, myofibroblasts have not been 
considered capable of converting to another cell type, and their depletion has been viewed as a main 
antiscarring strategy. The observed conversion of myofibroblasts to adipocytes demonstrates lineage 
reprogramming in vivo in an adult mammal. Several recent studies have shown that tissue regeneration 
respects tissue boundaries: Epithelium regenerates from epithelium, dermis from dermis, and cartilage 
from cartilage (20–22). Our findings reveal the ability of wound myofibroblasts to convert to a completely 
different (adipocyte) lineage. The findings indicate a window of opportunity after wounding to influence 
regeneration rather than scarring of tissue by activating embryonic pathways and converting 
myofibroblasts to adipocytes. Our work shows that hair follicles grow independently of fat and that hair 
follicle regeneration is necessary and proximal to cutaneous fat regeneration. Our transcriptomic and 
functional data support a key role for BMP and indicate that strategies for regenerating hair follicles could 
ultimately benefit patients with disorders involving a lack of fat, such as acute scars, keloids, 
lipodystrophies, and aging. 
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Fig. 1 

New adipocytes only regenerate around new hair follicles during wound healing. (A) Histological sections 
(left two panels) and whole-mount images (right three panels) of skin stained to detect follicular 
epithelium (blue) and adipocytes (orange) in K14-Cre;R26R mice at indicated postwounding days. New 
adipocytes (arrowheads) increase in number and size over several days. (B) Skin viewed from the 
undersurface. New adipocytes form and persist exclusively around regenerated hair follicles, which arise 
in the center of the wound. (C) Cultured dermal cells isolated from wounds with regenerated hair follicles 
differentiated into BODIPY-positive (green) adipocytes, whereas cultured dermal cells from wounds 
lacking follicles formed no adipocytes. Scale bars in (A) and (C), 20 mm; in (B), 1 mm. 
 

  

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5464786/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5464786/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5464786/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5464786/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5464786/figure/F1/


 
 

 

 

 

Fig. 2 

New adipocytes originate from wound myofibroblasts. (A) Smooth muscle actin (SMA)– positive 
myofibroblasts are present at the wound edge and then in the healing wound (arrows). By day 17, dermal 
wound cells express very little SMA, but vascular smooth muscle cells remain labeled (arrow). (B) Lineage 
tracing of myofibroblasts results in lacZ (blue)–expressing regenerated adipocytes (orange, white 
arrowheads). (C) Adipocytes in normal skin are not labeled. (D and E) Deletion of Pparg in myofibroblasts 
resulted in near-complete loss of new adipocytes, whereas normal cutaneous adipocytes at the wound 
edge remained intact. Scale bars in (A), 100 mm; in (B) (left), (D), and (E), 1 mm; in (B) (center), 200 mm; 
in (B) (right), 50 mm; in (C), 200 mm 
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Fig. 3 

Molecular profiling and functional studies of adipocyte regeneration reveal that ZFP423 and BMP 
signaling are necessary for adipocyte regeneration.(A) Principal component analysis of the myofibroblast 
transcriptome reveals distinct changes across four postwounding time points. (B) Differentially expressed 
genes (4120 total) from myofibroblasts at days 12 to 26 group into five distinct clusters (table S5). (C) 
Differentially expressed genes in several gene ontologies (GOs) undergo distinct temporal changes in 
myofibroblasts. (D) Deletion of Zfp423, (E) overexpression of the soluble BMP antagonist Noggin in K14-
Noggin mice, (F) SMA-CreERT2–driven deletion of BMPR1A, and (G) treatment with the BMP antagonist 
LDN-193189 (2 mg/kg) during wound healing all resulted in near-complete loss of regenerated 
adipocytes in wounds, despite normal regeneration of hair follicles. WT, wild type. Scale bars in (D) to (G), 
100 mm. 
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Fig. 4 

BMP drives reprogramming of mouse myofibroblasts and human keloid fibroblasts into adipocytes. (A and 
B) Treatment of cultured mouse dermal cells isolated from day-15 wounds with either human 
recombinant BMP4 or BMP2 induced their reprogramming into adipocytes and the activation of 
adipocyte-specific genes. Day-15 dermal cells cultured in pro-adipogenic differentiation media without 
BMP remained nonadipogenic. (C and D) Treatment of cultured human keloid scar cells with human 
recombinant BMP4 and adipocyte differentiation media induced their reprogramming into adipocytes 
with activation of adipocyte-specific genes. (E) In a coculture system, human scalp hair follicles induced 
adipogenic conversion of human keloid scar cells with (F) a concomitant increase in adipocyte genes. Scale 
bars in (A) and (B), 400 mm; in (C) and (E), 200 mm. Values in the graphs are means ± SEM. *P < 0.028; 
**P < 0.0002. 
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