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SUMMARY
Dermal fibroblasts lose stem cell potency after birth, which prevents regenerative healing. However, the un-
derlying intracellular mechanisms are largely unknown. We uncover the postnatal maturation of papillary fi-
broblasts (PFs) driven by the extensive Twist2-mediated remodeling of chromatin accessibility. A loss of the
regenerative ability of postnatal PFs occurs with decreased H3K27ac levels. Single-cell transcriptomics,
assay for transposase-accessible chromatin sequencing (ATAC-seq), and chromatin immunoprecipitation
sequencing (ChIP-seq) reveal the postnatal maturation trajectory associated with the loss of the regenerative
trajectory in PFs, which is characterized by a marked decrease in chromatin accessibility and H3K27ac
modifications. Histone deacetylase inhibition delays spontaneous chromatin remodeling, thus maintaining
the regenerative ability of postnatal PFs. Genomic analysis identifies Twist2 as a major regulator within
chromatin regions with decreased accessibility during the postnatal period. When Twist2 is genetically
deleted in dermal fibroblasts, the intracellular cascade of postnatal maturation is significantly delayed. Our
findings reveal the comprehensive intracellular mechanisms underlying intrinsic postnatal changes in dermal
fibroblasts.
INTRODUCTION

A pool of stem cells (SCs) is preserved to ensure the homeosta-

sis and regeneration of tissues throughout life; however, the

stemness of these cells, including their proliferation and differen-

tiation potential, is limited according to their life stage (Ge and

Fuchs, 2018; Hanna et al., 2010). Embryonic SCs have the plurip-

otent ability to generate all cell types in mammals within a few

weeks of fertilization. Adult SCs normally retain a certain level

of regenerative potential, exclusive to tissue-specific cell types,

for decades. In vivo, the self-renewal and differentiation potential

of cells follows a differentiation hierarchy, from pluripotent SCs

and multipotent SCs to fully differentiated cells, from fertilization

to senescence throughout the lifetime (Ge and Fuchs, 2018;

Hanna et al., 2010).

In the skin, the fetal dermis exhibits a remarkable regenerative

ability after tissue injury by reconstituting normal tissue,

including the restoration of skin appendages such as functional

hair follicles (HFs) (Colwell et al., 2005; Leavitt et al., 2016). How-

ever, this regenerative ability is spontaneously lost in the adult
This is an open access article under the CC BY-N
dermis by rapid replacement with fibrous scar tissue without

HF regeneration after wounding (Driskell et al., 2013; Phan

et al., 2020; Rognoni et al., 2016), except at the center of large

wounds (Guerrero-Juarez et al., 2019; Ito et al., 2007), which re-

quires the transforming mobilization of latent fibroblasts (Abbasi

et al., 2021; Lim et al., 2018) and complex interactions with im-

mune cells (Gay et al., 2013; Guerrero-Juarez et al., 2019) in

mice. This spontaneous loss of regenerative ability presumably

occurs within the early postnatal period, since the neonatal

dermis maintains the ability to regenerate functional HFs (Phan

et al., 2020; Rognoni et al., 2016) (Figure S1). Multiple attempts

have been made to restore the regenerative ability of dermis

by utilizing HF reconstitution assays and wound-induced HF

neogenesis models in adult skin (Gay et al., 2013; Ito et al.,

2007; Morris et al., 2004). The genetic upregulation of develop-

mental signaling pathways such as WNT and SHH signaling in

dermal fibroblasts was shown to enhance their HF regeneration

ability in adult skin (Ito et al., 2007; Lim et al., 2018; Phan et al.,

2020). However, the intrinsic intracellular mechanisms respon-

sible for the spontaneous loss of regenerative ability in dermal
Cell Reports 39, 110821, May 17, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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fibroblasts, which may overarch developmental signaling path-

ways, are largely unknown.

The mouse dermis contains upper and lower fibroblast line-

ages, which form the upper and lower dermal architectures,

respectively, during development and repair processes (Driskell

et al., 2013; Plikus et al., 2021). Papillary fibroblasts (PFs), which

are located just below the epidermis, are thought to be the pri-

mary source of de novoHFmesenchyme formation in embryonic

skin development and neonatal wound healing (Driskell et al.,

2013; Gupta et al., 2019; Mok et al., 2019; Phan et al., 2020). It

has been proposed that adult skin forms fibrous scar tissues

due to the lack of a defined PF population in the adult dermis

(Driskell and Watt, 2015; Salzer et al., 2018). However, it is not

fully understood how neonatal PFs lose their initial characteris-

tics, including their inductive properties.

Chromatin is a dynamic structure that regulates the DNA

accessibility of transcription factors (TFs) and the transcriptional

machinery through multiple levels of structural changes,

including histone modifications, during cell transitions or fate

commitments (Heintzman et al., 2009; Venkatesh andWorkman,

2015). Histone H3K27 acetylation (H3K27ac) is enriched in open

accessible chromatin regions and is functionally important for

the activity of promoter and enhancer elements (Rada-Iglesias

et al., 2011; Zhou et al., 2011). The presence of H3K27ac modi-

fication distinguishes active enhancers, suggesting that

H3K27ac modification is one of the representative indicators of

gene expression during different stages of development

(Creyghton et al., 2010). The members of the TWIST TF family

are suggested to be the key TFs in early dermal fibroblast pro-

genitors expressed in the embryonic mesoderm starting from

embryonic day 9.5 and have been proposed to be regulated in

a manner associated with WNT signaling (Budnick et al., 2016;

Thulabandu et al., 2018), but their functional role in dermal fibro-

blasts has not yet been elucidated.

Here, by using HF reconstitution assays, cellular and molecu-

lar approaches, single-cell transcriptomics, genomic chromatin

accessibility and H3K27ac modification analyses, and a Twist2

genetic mouse model, we reveal an upstream intracellular

cascade driving the postnatal maturation of dermal fibroblasts

that results in the spontaneous loss of the regenerative ability

of PFs after birth.

RESULTS

Postnatal PFs lose their regenerative ability when
H3K27ac levels decrease
To determine the time frame in which PFs lose their intrinsic

regenerative ability, we performed an HF reconstitution assay

(Morris et al., 2004) to minimize the extrinsic bias from latent fi-

broblasts (Abbasi et al., 2021) or immune interactions (Gay

et al., 2013). PFs were sorted by fluorescence-activated cell

sorting (FACS) on postnatal days (PDs) 0, 2, and 4 using the

CD140a (Pdgfra) and CD26 (Dpp4) surface markers (Driskell

et al., 2013) (Figure S2A). CD140a+CD26+ PFs were combined

with PD0 epidermal keratinocytes and then injected into the

back skin of adult immunodeficient BALB/c-numice (Figure 1A).

After 2 weeks, a number of de novo regenerated HFs were

observed with PD0 PFs, whereas no HF regeneration was
2 Cell Reports 39, 110821, May 17, 2022
detectable with PD4 PFs (Figures 1B and 1C), showing the

spontaneous loss of regenerative ability in postnatal PFs. By

utilizing PFs sorted from Pdgfra-H2BGFP mice, we traced the

origin of upper fibroblast-lineage cells, which include dermal

papilla (DP), dermal sheath, and PFs (Figure 1D), and found

that the regenerated HF mesenchyme was derived from

grafted H2BGFP+ PFs. HF regeneration was not detectable

with PD0 epidermal keratinocytes either alone or together

with CD140a+CD26neg fibroblasts (Figure S2B and S2C), veri-

fying that PFs are the primary inductive source of HF regenera-

tion. In contrast to the complete loss of HF regeneration with

PD4 PFs, a prominent CD140a+CD26+ cell population was still

detected in the PD4 dermis, suggesting that this loss of HF

regeneration was caused by intrinsic cellular changes in induc-

tive source PFs (Figure S2D).

We examined the intrinsic properties of postnatal PFs and

found that the expression of Tcf1 and Lef1, the major TFs in

the WNT signaling pathway, was lost in PD4 PFs compared

with PD0 PFs, which are located below CD49f+ basal keratino-

cytes (Figures 1E and 1F). qRT-PCR showed that the hair induc-

tive gene signature (Higgins et al., 2013; Ohyama et al., 2012),

including Hey1, Lef1, Ctnnb, Wif1, Alp, and Sox18, was signifi-

cantly decreased in PD4 PFs compared with PD0 PFs (Fig-

ure 1G). Based on these findings, we postulated that global

changes in chromatin accessibility may underlie the simulta-

neous decrease in the expression of multiple genes in postnatal

PFs. To test this hypothesis, we examined markers of histone

modification and found that histone H3 acetylation was

decreased in PD4 PFs (Figure S2E). Specifically, H3K27ac

modification was significantly decreased in PD4 PFs compared

with PD0 PFs assessed by the ratio of H3K27ac to H3 expres-

sion (Figures 1H and 1I). Decreased H3K27ac levels were

consistently observed through the protein analysis of

CD140a+CD26+ PFs (Figures 1J and 1K). These findings indi-

cated that postnatal PFs lost their regenerative ability when

WNT signaling was inactivated, which was accompanied by

decreased H3K27ac levels.

Single-cell transcriptomics reveal the postnatal
maturation trajectory of PFs
To investigate the intrinsic transcriptomic changes in postnatal

PFs, we performed single-cell RNA sequencing (scRNA-seq)

on total skin cells isolated on PD0, PD2, and PD4 (Figure 2A).

First, mature (spliced) and premature (unspliced) mRNA expres-

sion was calculated in each cell, and cells were then clustered

based on mature mRNA expression (Bergen et al., 2020) by un-

supervised clustering (Hao et al., 2021). A total of 131,956 cells

from nine samples (n = 3 biological replicates/time point) met

the preprocessing threshold and were divided into 36 clusters

of fibroblast-lineage cells and keratinocyte-lineage cells (Fig-

ure S3; Table S1). A subset of 59,371 fibroblast-lineage cells

was divided into 22 clusters, including PFs, reticular fibroblasts,

DP, and dermal sheath (Figures S4A and S4B). Based on the

cellular trajectory inferred based on RNA velocity (Bergen

et al., 2020) and cluster-specific marker gene expression

(Figures S4C and S4D), upper fibroblast-lineage cells were

divided into 5 distinct clusters (Fb1, Fb2, Fb3, Dp1, and Dp2)

and subjected to downstream analysis (Figure 2B).



Figure 1. Loss of regenerative ability in PFs accompanied by a decrease in H3K27ac

(A) Experimental scheme of the HF reconstitution assay using PD0, PD2, and PD4 CD140a+CD26+ PFs combined with PD0 epidermal keratinocytes.

(B and C) HF reconstitution assay (B) and quantification of regenerated HFs (C) using CD140a+CD26+ PFs (n = 3–5 replicates/time point), showing that neonatal

PFs gradually lost their intrinsic regenerative ability within 4 days of birth.

(D) HF reconstitution assay using CD140a+CD26+ PFs sorted from Pdgfra-H2BGFP mice, showing that the de novo HF mesenchyme originated from grafted

H2BGFP+ PFs.

(E and F) Immunofluorescence and quantification of the nuclear fluorescence intensity (n = 60 cells/time point) showing significant decreases in Tcf1 and Lef1

expression in PD4 CD26+ PFs compared with PD0 CD26+ PFs, which are located below CD49f+ epidermal keratinocytes.

(G) qRT-PCR showing that the gene expression ofHey1, Lef1,Ctnnb,Wif1,Alp, and Sox18was significantly decreased in PD4 PFs compared with PD0 PFs (n = 3

mice/time point).

(H and I) Immunofluorescence (H) and quantification of the ratio of nuclear H3K27ac and H3 levels (I; n = 34 cells/time point), showing that H3K27ac levels were

significantly decreased in PD4 PFs compared with PD0 PFs. Dashed white lines demarcate the dermal-epidermal junction.

(J and K) Western blot (J) and quantification of the ratio of the H3K27ac and H3 protein amounts extracted from CD140a+CD26+ PFs (K; n = 6 mice/time point),

showing that H3K27ac levels were significantly decreased in PD4 PFs compared with PD0 PFs. HF, hair follicle; PD, postnatal day; CTNF, corrected total nucleus

fluorescence. Scale bars, (B) 1,000 mm, (D) 100 mm, (E, F, H) 50 mm. Data are presented as themean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-

tailed unpaired t test).
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RNA velocity and partition-based graph abstraction (PAGA)

revealed two distinct differentiation trajectories in upper fibro-

blast-lineage cells: Fb1 / Fb2 / Fb3 (FB maturation pathway)

and Fb1 / Fb2 / Dp1 / Dp2 (DP regenerative pathway)

(Figures 2C and 2D). The ratio of unspliced/spliced transcripts

was significantly lower in Fb3 cells but higher in Dp1 and Dp2

cells than in Fb1 cells (Figure 2E), suggesting that transcriptional

activity decreases in the FBmaturation pathway but increases in

the DP regenerative pathway. Cellular ancestry analysis revealed

representative transitional descendants developing toward the

FB maturation pathway (Figure 2F) or the DP regenerative

pathway (Figure 2H). RNA velocity gene analysis identified Atf3

and Nfib as major TFs in the FB maturation pathway (Figure 2G)

and Tcf4 and Tcf7 as major TFs in the DP regenerative pathway

(Figure 2I). The inference of TF activities through gene regulatory

network analysis (Aibar et al., 2017) showed that Atf3 and Jun are

major TFs in the FB maturation pathway and that Tcf7 and Gli1

are major TFs in the DP regenerative pathway (Figures S4E

and S4F).

To confirm these differentiation trajectories in the temporal

landscape, we examined the proportion of each cluster in

PD0, PD2, and PD4 replicates (Figure 2J). FB clusters showed

a transition in which an Fb1 decrease was compensated for by

an Fb3 increase from PD0 to PD4 (Figure 2K), and DP clusters

showed a transition in which a Dp1 decrease was compen-

sated for by a Dp2 increase (Figure 2L), verifying two differen-

tiation trajectories. To define the PD0 PF and PD4 PF signa-

tures, we compared the gene expression profiles of Fb1 cells

(representative of PD0 PFs) and Fb3 cells (representative of

PD4 PFs). We found that PD0 PF-signature genes, such as

Fos, Jun, Jund, Tcf4, Tcf7, Lef1, Sox18, Gli1, Ptch1, Wif1,

Bmp4, Twist1, and Twist2, were significantly downregulated,

whereas PD4 PF-signature genes, such as Col1a1, Col1a2,

Col5a1, Col14a1, Adamts2, Mmp2, Dkk2, Dlk1, and Sfrp2,

were significantly upregulated in PFs during the postnatal

period (Figure 2M). As a result, 544 biological processes
Figure 2. Single-cell transcriptome defines the postnatal maturation tr

(A) Experimental scheme of scRNA-seq of total skin cells isolated from PD0, PD

(B–D) Uniform Manifold Approximation and Projection (UMAP) of upper fibrobla

clustering (B). UMAPs of RNA velocity-inferred cellular trajectory (C) and PAGA

fibroblast lineage: Fb1 / Fb2 / Fb3 (FB maturation pathway) and Fb1 / Fb2

(E) Proportion of spliced and unspliced transcripts in each cluster of cells showing

but higher in Dp1 and Dp2 cells compared with Fb1 cells.

(F–I) Cellular ancestry analysis revealed representative transitional descendan

pathway (H). Velocity gene analysis identified Atf3 and Nfib as major TFs in the FB

pathway (I).

(J–L) UMAP of upper fibroblast-lineage clusters at PD0, PD2, and PD4 (J) and p

clusters, as an Fb1 decrease was compensated for by an Fb3 increase, and a tem

Dp2 increase.

(M) Volcano plot showing that PD0 PF (Fb1) signature genes, such as Fos, Jun, Ju

downregulated, while PD4 PF (Fb3) signature genes, such asCol1a1,Col1a2,Col

during the postnatal period.

(N) Gene ontology analysis showing that translation, gene expression, tissue

compared with PD0 PFs, whereas extracellular matrix, collagen fibril organizatio

(O) Violin plots showing that total PD4 PFs (Fb1 + Fb2 + Fb3) exhibited significan

(P) Cellular trajectory inferred based on RNA velocity calculated at each time point

in the PD4 dermis, whereas the DP regenerative pathway disappeared, in co

abstraction; ns, nonsignificant. Data are presented as the mean ± SEM. *p < 0

****p < 0.0001 (two-way analysis of variance with Tukey’s multiple comparisons
(Table S2), including translation, gene expression, tissue devel-

opment, and transcription processes, were downregulated in

PD4 PFs compared with PD0 PFs, whereas 137 biological pro-

cesses (Table S3), including extracellular matrix, collagen fibril

organization, and connective tissue development processes,

were upregulated (Figure 2N). Reassuringly, the total PD4 PFs

(Fb1 + Fb2 + Fb3) showed significantly lower expression of

Tcf4, Tcf7, and Lef1 than the total PD0 PFs (Fb1 + Fb2 +

Fb3) (Figure 2O). Finally, RNA velocity calculated at each time

point showed that the FB maturation pathway was the only dif-

ferentiation trajectory in the PD4 dermis, since the DP regener-

ative pathway disappeared, in contrast to what was observed

in the PD0 dermis (Figure 2P).

Postnatal PFs undergo extensive remodeling of
chromatin accessibility
To further determine the mechanisms underlying the sponta-

neous changes in postnatal PFs, we performed the assay for

transposase-accessible chromatin sequencing (ATAC-seq) as

well as H3K27ac chromatin immunoprecipitation sequencing

(ChIP-seq) using the ChIPmentation (Schmidl et al., 2015)

method in CD140a+CD26+ PFs (5 3 104 cells/replicate) sorted

on PD0, PD2, and PD4 (Figure 3A). ATAC replicates that met

the preprocessing threshold (n = 2 biological replicates/time

point) were clustered together within each time point (Fig-

ure S5A). The PD0 peaks included 92.2% (40,421 of 43,855) of

PD2 peaks, and the PD2 peaks included 98.4% (9,629 of

9,782) of PD4 peaks (Figure 3B), indicating that the PFs mainly

lost open chromatin regions from PD0 to PD4, rather than gain-

ing de novo open chromatin regions. Genomic annotation re-

vealed that �78% of PD4 peaks were located in promoter re-

gions and that the PD0 and PD2 peaks located in distal

intergenic regions were largely lost in PD4 PFs (Figure S5B), sug-

gesting that the activity of enhancer elements was decreased in

PD4 PFs compared with PD0 or PD2 PFs. Overall, chromatin

accessibility (Figures S5C and S5D; Table S4) and H3K27ac
ajectory of PFs

2, and PD4 mice (n = 2 mice pooled/replicate, 3 replicates/time point).

st-lineage clusters (Fb1, Fb2, Fb3, Dp1, and Dp2) identified by unsupervised

abstraction (D) defining two distinct differentiation trajectories in the upper

/ Dp1 / Dp2 (DP regenerative pathway).

that the ratio of unspliced/spliced transcripts was significantly lower in Fb3 cells

ts differentiating toward the FB maturation pathway (F) or DP regenerative

maturation pathway (G) and Tcf4 and Tcf7 as major TFs in the DP regenerative

roportions of FB (K) and DP (L) clusters showing a temporal transition in FB

poral transition in DP clusters, as a Dp1 decrease was compensated for by a

nd, Tcf4, Tcf7, Lef1, Sox18,Gli1, Ptch1,Wif1, Bmp4, Twist1, and Twist2, were

5a1,Col14a1, Adamts2,Mmp2, Dkk2,Dlk1, and Sfrp2, were upregulated in PFs

development, and transcription processes were downregulated in PD4 PFs

n, and connective tissue development processes were upregulated.

t decreases in Tcf4, Tcf7, and Lef1 expression compared with total PD0 PFs.

showing that the FBmaturation pathway was the only differentiation trajectory

ntrast to the PD0 dermis. PD, postnatal day; PAGA, partition-based graph

.05, **p < 0.01, ****p < 0.0001 (two-tailed unpaired t test) in (E). **p < 0.01,

test) in (K) and (L). ****p < 0.0001 (Wilcoxon two-sample test) in (O).
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modifications (Figure S5E; Table S5) were significantly

decreased in PD4 PFs compared with PD0 or PD2 PFs.

We next identified �58,000 consensus peak regions by merg-

ing all PD0, PD2, and PD4 peaks by generating a list of chromatin

regions to be compared between time points. Using k-means

unsupervised clustering, we divided the consensus peak regions

into three cluster domains, in which ATAC signals were

decreased in the cluster 1 (77.2%) domain and maintained in

the cluster 2 (17.1%) or cluster 3 (5.7%) domains over time

(Figures 3C and S5F). Through subset analysis according to

the peak annotation, we found that promoter regions were

mainly located in the cluster 1 domain and showed significant

decreases in chromatin accessibility andH3K27acmodifications

over time (Figures 3D and 3E). The distal intergenic regions

showed a similar decrease in chromatin accessibility and

H3K27ac modifications over time (Figures S5G and S5H).

Furthermore, we found that the ATAC signal and H3K27ac signal

in each peak region showed positive correlations throughout all

time points (Figure S5I).

PD0 PF-signature genes (Figure 2M), such as Fos, Jun, Junb,

Tcf4, Tcf7, Lef1, Sox18, Gli1, Ptch1, Wif1, Bmp4, Twist1, and

Twist2, overlapped with genes annotated based on cluster 1

ATAC peaks (86.3%, 227/263), whereas PD4 PF-signature

genes (Figure 2M), such as Col1a1, Col3a1, Col14a1, Col15a1,

Adamts2, Dkk2, Dlk1, and Sfrp2, overlapped with genes anno-

tated based on cluster 2 or cluster 3 ATAC peaks (33.8%, 73/

216) (Figure 3F). Specifically, the promoter regions of WNT and

SHH TFs, which were grouped with the cluster 1 domain,

showed marked loss of chromatin accessibility and H3K27ac

modifications (Figure 3G). Gene set ontology analysis revealed

that biological processes including primary metabolic pro-

cesses, gene expression, biosynthetic processes, and transcrip-

tion (cluster 1) andmulticellular organism development, develop-

mental processes, cell differentiation, and tissue development

(cluster 2) were significantly downregulated in PD4 PFs relative

to PD0 PFs, whereas biological processes including single-or-

ganism cellular processes and the regulation of membrane

potential were upregulated (Figure 3H), consistent with the

ontology results from scRNA-seq analysis (Figure 2N).

The temporal coordination of chromatin accessibility and

H3K27ac modifications suggested that these chromatin regions
Figure 3. Extensive remodeling of chromatin structure in postnatal PF

(A) Experimental scheme of the ATAC-seq andH3K27ac ChIP-seq of CD140a+CD

replicate, 2 ATAC replicates/time point).

(B) Venn diagrams showing that PD0 peaks included 92.2% (40,421 of 43,855)

indicating that PFs mainly lost open chromatin regions during the postnatal perio

(C) Boxplots of ATAC signals (log fold change) in each cluster domain showing tha

cluster 2 (17.1%) or cluster 3 (5.7%) domains over time.

(D and E) Heatmaps of ATAC and H3K27ac signal intensity in promoter regions

(F) List of representative PD0 PF signature genes overlapping with genes anno

overlapping with genes annotated to cluster 2 or cluster 3 ATAC peaks.

(G) Representative Integrative Genomics Viewer images showing peaks and ATAC

(H) Gene ontology analysis showing that primary metabolic processes, gene exp

organism development, developmental processes, cell differentiation, and tissue

PD0 PFs, whereas single-organism cellular processes and the regulation of mem

(I and J) HOMER de novo motif analysis of PD0-unique regions, defined by the s

showing that motifs of the TWIST family were significantly enriched in PD0-spec

the means with 25th and 75th percentiles. ****p < 0.0001 (two-way analysis of va
may be distinctly regulated by TFs that are functional in postnatal

PFs. To this end, we interrogated the differences in TFmotifs and

their frequencies of occurrence within PD0-unique regions,

which were defined by the subtraction of PD2 peak regions (Fig-

ure 3I) or PD4 peak regions (Figure 3J) from PD0 peak regions.

We compared the frequencies of PD0-unique regions with those

of randomly sampled regions across the whole genome.

Notably, TWIST TF family motifs were significantly enriched in

PD0-unique regions, which were located next to motifs of

CCCTC-binding factor (CTCF), a highly conserved DNA-binding

protein required for chromatin loop formation (Ong and Corces,

2014). JunB, Atf3, Jun, Tead, NF1, and Hic1 motifs also showed

enrichment within PD0-unique regions; these TFs were previ-

ously reported to play roles in themaintenance of cellular identity

or deposition of extracellular matrix under homeostatic or wound

healing conditions (Abbasi et al., 2021; Atit et al., 1999; Cui et al.,

2020; Qin et al., 2018).

In vivo HDAC inhibition delays the loss of regenerative
ability in postnatal PFs
Based on the extensive remodeling of chromatin accessibility

and H3K27ac modifications underlying the loss of intrinsic

regenerative ability, we hypothesized that the inhibition of his-

tone deacetylation may delay the spontaneous intracellular

changes in postnatal PFs. Trichostatin A (TSA) is a histone de-

acetylase HDAC inhibitor that blocks the catalytic cores of these

enzymes (Finnin et al., 1999). We subjected neonatal mice to the

intraperitoneal injection of TSA (5 mg/g body weight) (Figure 4A).

Unexpectedly, the TSA-treated mice showed a notable skin

phenotype of thin and less-pigmented skin compared with con-

trol littermates (Figure 4B). The histological examination of the

TSA-treated PD4 (TSA-PD4) dermis showed dense upper fibro-

blasts with markedly reduced dermal thickness and atrophic

subcutaneous fat comparedwith control PD4 dermis (Figure 4C),

while other skin compartments, such as HFs and the epidermis,

continued to develop (Figure 4C). We found that the decrease in

nuclear H3K27ac levels was delayed in TSA-PD4 PFs compared

with control PD4 PFs, as assessed by the ratio of H3K27ac to H3

expression (Figures 4D and 4E). The delayed decrease in

H3K27ac levels was consistently observed in the protein

analysis of CD140a+CD26+ PFs (Figures 4F, 4G, and S6A).
s

26+ PFs (53 104 cells) sorted fromPD0, PD2, and PD4mice (n = 2mice pooled/

of PD2 peaks and PD2 peaks included 98.4% (9,629 of 9,782) of PD4 peaks,

d, rather than gaining de novo open chromatin regions.

t ATAC signals were decreased in cluster 1 (77.2%) domain and maintained in

based on cluster domains.

tated to cluster 1 ATAC peaks and representative PD4 PF signature genes

signals and H3K27ac signals at Hey1, Lef1, Tcf7, Tcf4, and Gli1 genomic loci.

ression, biosynthetic processes, and transcription (cluster 1) and multicellular

development (cluster 2) were significantly downregulated in PD4 PFs relative to

brane potential were upregulated.

ubtraction of PD2 peak regions or PD4 peak regions from PD0 peak regions,

ific regions. PD, postnatal day; BP, biological process. Data are presented as

riance) in (C).
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Figure 4. In vivo HDAC inhibition delays the loss of the regenerative ability of postnatal PFs

(A) Experimental scheme of the in vivo inhibition of histone deacetylation by the intraperitoneal injection of TSA (5 mg/g body weight) into neonatal mice.

(B) Gross phenotype of TSA-treated mice showing a notable skin phenotype of thin and less-pigmented skin compared with control littermates.

(legend continued on next page)
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qRT-PCR showed that loss of the hair-inductive gene signature

was delayed in TSA-PD4 PFs relative to control PD4 PFs (Fig-

ure 4H). Moreover, the loss of Tcf1 and Lef1 expression was de-

layed in TSA-PD4 PFs compared with control PD4 PFs

(Figures 4I and 4J). We performed an HF reconstitution assay us-

ing TSA-PD4 mice and identified a number of regenerated HFs,

indicating that the intrinsic regenerative ability was retained on

PD4 by TSA treatment (Figures 4K and 4L). We confirmed that

the upper fibroblast-lineage cells, including DP, dermal sheath,

and PF cells, originated from grafted TSA-PD4 PFs (Figure 4M).

These findings demonstrated that the postnatal decreases in

H3K27ac levels and chromatin accessibility inactivate the WNT

signaling pathway, resulting in the loss of the intrinsic regenera-

tive ability of PFs.

HDAC inhibition delays postnatal chromatin remodeling
in PFs
To investigate the transcriptomic changes induced by TSA treat-

ment, we performed scRNA-seq on total skin cells isolated from

TSA-PD4 mice (42,260 cells, n = 3 biological replicates) and

compared the results with the PD2 and PD4 datasets

(Figures 5A and S6B–S6E). We found that the spontaneous

changes in FB and DP cluster proportions were significantly de-

layed in the TSA-PD4 dermis compared with the PD4 dermis

(Figures 5B and 5C). Accordingly, TSA-PD4 PFs (Fb1 + Fb2 +

Fb3) retained the expression of Tcf4, Tcf7, and Lef1 compared

with the levels observed in PD4 PFs and showed similar expres-

sion levels compared with PD2 PFs (Figure 5D). Moreover, the

RNA velocity calculated for each sample showed that the DP

regenerative pathway was retained in the TSA-PD4 dermis, in

contrast to the PD4 dermis (Figure 5E).

To evaluate the effect of HDAC inhibition on postnatal chro-

matin changes, we performed ATAC-seq and H3K27ac ChIP-

seq on CD140a+CD26+ PFs sorted from TSA-PD4 mice and

compared the results with the PD2 and PD4 datasets. TSA-

PD4 ATAC replicates (n = 2 biological replicates) were clustered

together in the middle of PD2 and PD4 ATAC replicates (Fig-

ure S7A). Notably, TSA-PD4 peaks were included in both the

PD0 peaks (99.0%, 18,309 of 18,481) and the PD2 peaks

(98.8%, 18,252 of 18,481), whereas the TSA-PD4 peaks

included PD4 peaks (94.7%, 9,262 of 9,782) (Figure 5F), indi-

cating that TSA treatment delayed the loss of open chromatin re-

gions in postnatal PFs rather than causing the gain of de novo
(C) H&E images showing a higher density of upper fibroblasts with markedly red

compared with the control PD4 dermis. Note that other skin compartments, suc

(D and E) Immunofluorescence evaluation (D) and quantification of the ratio of nuc

H3K27ac levels was significantly delayed in TSA-PD4 PFs compared with contro

(F and G) Western blot (F) and ratio of H3K27ac and H3 protein levels (G) extract

H3K27ac levels was significantly delayed in TSA-PD4 PFs compared with contro

(H) qRT-PCR results showing that decreases in Hey1, Lef1, Ctnnb,Wif1, Alp, and

with control PD4 PFs (n = 3–5 mice/group).

(I and J) Immunofluorescence evaluation and quantification of nuclear fluorescen

was significantly delayed in TSA-PD4 PFs compared with control PD4 PFs.

(K and L) HF reconstitution assay (K) and quantification of regenerated HFs (L) u

showing that the spontaneous loss of regenerative ability in postnatal PFs was s

(M) HF reconstitution assay of TSA-PD4 CD140a+CD26+ PFs from Pdgfra-H2BG

H2BGFP-expressing PFs. PD, postnatal day; TSA, trichostatin A; CTNF, correct

(C, M) 100 mm, (D, I, J) 50 mm. Data are presented as the mean ± SEM. *p < 0.05
open chromatin regions. Genomic annotation showed that

�58% of TSA-PD4 peaks were located in promoter regions

and that �19% of TSA-PD4 peaks were located in distal inter-

genic regions, which were spontaneously lost in PD4 PFs during

the postnatal period (Figure S7B). Overall, the postnatal changes

in chromatin accessibility (Figure S7C; Table S4) and H3K27ac

modifications (Figure S7D; Table S5) were significantly delayed

in TSA-PD4 PFs compared with PD4 PFs. By analyzing the

ATAC signal and H3K27ac signal according to the cluster do-

mains defined based on PD0, PD2, and PD4 samples, we found

that the spontaneous changes in chromatin accessibility showed

a marked reversal in all three cluster domains by TSA treatment

(Figures 5G and S7E). The promoter regions (Figures 5H and 5I)

as well as the distal intergenic regions (Figures S7F–S7G)

showed a reversal of the spontaneous losses of chromatin

accessibility and H3K27ac modifications upon TSA treatment

(Figures 5H and 5I). For example, the promoter regions of WNT

and SHH TFs retained their accessibility and H3K27ac modifica-

tions after TSA treatment (Figure S7H).

We again interrogated the differences in TF motifs and

their frequencies within TSA-PD4-unique regions or PD2-unique

regions, which were defined by the subtraction of PD4 peak re-

gions from TSA-PD4 peak regions or PD2 peak regions, respec-

tively. Surprisingly, motifs of the TWIST TF family were again

found to be significantly enriched in both TSA-PD4-unique re-

gions (Figure 5J) and PD2-unique regions with the highest statis-

tical significance (Figure 5K).

Twist2 expression and chromatin binding decrease in
PFs during the postnatal period
To further determine the roles of TWIST TFs in postnatal PFs, we

examined the expression of TWIST TFs in upper fibroblast-line-

age cells. Twist2 expression was significantly decreased in PD4

PFs compared with PD0 PFs and PD2 PFs, while the loss of

Twist2 expression was partially recovered in TSA-PD4 PFs

(Figures 6A and 6B). In addition, Twist2 expression was limited

to PFs and was not observed in the HF mesenchyme, whereas

Twist1 expression was observed in both PFs and the HFmesen-

chyme (Figures 6A and S4D).

The genomic footprint detected in ATAC-seq refers to a

pattern in which an active TF binds chromatin, thus preventing

Tn5 transposase-mediated cleavage within the binding site.

Similar to nucleosomes, bound TFs result in defined regions of
uced dermal thickness and atrophic subcutaneous fat in the TSA-PD4 dermis

h as HFs or the epidermis, continued to develop (black dashed line).

lear H3K27ac and H3 levels (E; n = 62 cells/group), showing that the decrease in

l PD4 PFs. Dashed white lines demarcate the dermal-epidermal junction.

ed from CD140a+CD26+ PFs (n = 6 mice/group), showing that the decrease in

l PD4 PFs.

Sox18 gene expression were significantly delayed in TSA-PD4 PFs compared

ce intensity (n = 60 cells/group) showing that loss of Tcf1 and Lef1 expression

sing PD2, PD4, and TSA-PD4 CD140a+CD26+ PFs (n = 4–5 replicates/group),

ignificantly delayed by TSA treatment.

FP mice, showing that the de novo HF mesenchyme originated from grafted

ed total nucleus fluorescence; ns, nonsignificant. Scale bars, (B, K) 1,000 mm,

, **p < 0.01, ****p < 0.0001 (two-tailed unpaired t test).
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decreased ATAC signal strength within larger regions of high

ATAC signals (Bentsen et al., 2020; Yan et al., 2020). To obtain

further evidence of the chromatin binding activity of Twist2 in

open chromatin regions of postnatal PFs, we performed a

genomic footprinting analysis of the PD0, PD2, PD4, and TSA-

PD4 peak regions. We found that Twist2 footprints were clearly

visible in PD0 and PD2 peak regions; however, they were signif-

icantly decreased in PD4 peak regions (Figure 6C). Moreover,

Twist2 footprints were partially recovered in TSA-PD4 peak re-

gions, consistent with the expression of Twist2 (Figure 6C).

To test the possibility that Twist2 interacts with the HDACma-

chinery in the unique peak regions lost during the postnatal

period, we performed Twist2 coimmunoprecipitation on

CD140a+CD26+ PFs. We found that the Twist2 protein complex

directly interacts with the HDAC2 enzyme in CD140a+CD26+ PFs

(Figures 6D and S8A). Our genomic and coimmunoprecipitation

data prompted us to hypothesize that Twist2 may function as a

major driver of chromatin remodeling by closing the unique

peak regions in postnatal PFs.

Twist2 drives the postnatal maturation of dermal
fibroblasts
To test this hypothesis, we generated an inducible Cre-

dependent genetic knockout mouse model (Pdgfra-CreER;

Twist2flox/flox) to delete Twist2 expression in Pdgfra+ dermal fi-

broblasts. Tamoxifen induction was carried out four times in

pregnant mice and neonatal mice near the time of birth

(Figures 7A, S8B, and S8C). Pdgfra-Twist2�/� mice showed a

notable skin phenotype of thin and less-pigmented skin

compared with control littermates (Figure 7B), which we also

observed in TSA-treated mice (Figure 4B). Histological examina-

tion of the Pdgfra-Twist2�/� PD4 dermis showed dense upper fi-

broblasts with a markedly reduced dermal thickness and atro-

phic subcutaneous fat compared with the control PD4 dermis

(Figure 7C), while other skin compartments, such as HFs or

epidermis, continued to develop (Figures 7C and S8D). Twist2

expression was significantly diminished in Pdgfra-Twist2�/�

PFs compared with control PFs (Figures 7D and 7E). Notably,

we found that the decrease in nuclear H3K27ac levels was signif-

icantly delayed in Pdgfra-Twist2�/� PD4 PFs compared with

control PD4 PFs (Figure 7F). qRT-PCR showed that loss of the
Figure 5. HDAC inhibition delays postnatal chromatin remodeling in P

(A–C) UMAP of upper fibroblast-lineage clusters in PD2, PD4, and TSA-PD4 samp

transition in FB clusters and DP clusters was significantly delayed in the TSA-PD

(D) Violin plots showing that TSA-PD4 PFs (Fb1 + Fb2 + Fb3) maintained Tcf4, Tcf

levels compared with PD2 PFs.

(E) The cellular trajectory inferred based on RNA velocity calculated for each sa

dermis in contrast to the control PD4 dermis.

(F) Venn diagrams showing that TSA-PD4 peaks were included in PD0 peaks (99.0

PD4 peaks included PD4 peaks (94.7%, 9,262 of 9,782).

(G) Boxplots of ATAC signals (log fold change) in each cluster domain showing that

all three domains by TSA treatment.

(H and I) Heatmaps of ATAC and H3K27ac signal intensity in promoter regions a

(J and K) HOMER de novomotif analysis within TSA-PD4-unique regions or PD2-u

TSA-PD4 peak regions or PD2 peak regions, respectively, showing that motifs o

unique regions as well as PD2-unique regions with the highest statistical signific

mean ± SEM (two-way analysis of variance with Tukey’s multiple comparisons te

sented as the means with the 25th and 75th percentiles. ****p < 0.0001 (two-way
hair inductive gene signature, including Hey1, Tcf7, Lef1, Wif1,

and Alp, was significantly delayed in Pdgfra-Twist2�/� PD4

PFs compared with control PD4 PFs (Figure 7G). Consistently,

the loss of Tcf1 and Lef1 expression was significantly delayed

in Pdgfra-Twist2�/� PD4 PFs compared with control PD4 PFs

(Figures 7H and 7I). Taken together, our study revealed a role

for Twist2 in dermal fibroblasts as the key driver of the postnatal

maturation process via the recruitment of a protein complex in-

teracting with HDAC2, resulting in the inactivation of the WNT

signaling pathway after birth.

DISCUSSION

SCs are self-renewing progenitors that maintain their ability to

give rise to both undifferentiated SCs and more committed de-

scendants (Bradley et al., 2002). Tissue SCs retain some degree

of stemness by balancing quiescence, proliferation, and differ-

entiation to maintain and restore tissue integrity after various

injuries (Aponte and Caicedo, 2017). The regeneration process

requires the recruitment and activation of tissue SCs according

to the extent of tissue damage. However, repetitive failure and/

or misappropriated regenerative mechanisms often result in un-

wanted outcomes, such as carcinogenesis (Dvorak, 1986; Schä-

fer andWerner, 2008), by overwhelming the normal competence

of tissue SCs predetermined for tissue repair and regeneration

(Coussens and Werb, 2002; Ratajczak et al., 2018; Schäfer

and Werner, 2008). Thus, it is thought to be necessary for tissue

SCs to maintain their regenerative potential at minimum for sur-

vival at specific life stages, especially in the skin, which experi-

ences numerous tissue injuries and subsequent regeneration

as the outermost barrier.

During embryonic development, fibroblasts populate the

dermal structure via remarkable proliferation (Chen et al., 2012)

and form dermal condensates along the regenerative trajectory

(Gupta et al., 2019; Mok et al., 2019). In this study, PFs still

showed the potential to differentiate toward the HFmesenchyme

along the regenerative trajectory for the first few days after birth

(Liang et al., 2011; Phan et al., 2020). However, after this time

period, which coincided with the time point at which proliferation

ceased (Rognoni et al., 2016), most PFs committed to the

maturation trajectory while spontaneously losing their initial
Fs

les (A) and proportions of FB (B) and DP (C) clusters showing that the temporal

4 dermis compared with the control PD4 dermis.

7, and Lef1 expression levels compared with control PD4 PFs, showing similar

mple showed that the DP regenerative pathway was retained in the TSA-PD4

%, 18,309 of 18,481) as well as PD2 peaks (98.8%, 18,252 of 18,481), but TSA-

the spontaneous changes in chromatin accessibility weremarkedly reversed in

ccording to cluster domains.

nique regions, which were defined by the subtraction of PD4 peak regions from

f the TWIST family were again detected as significantly enriched in TSA-PD4-

ance. PD, postnatal day; TSA, trichostatin A; ns, nonsignificant. Data are the

st) in (B) and (C). ****p < 0.0001 (Wilcoxon two-sample test) in (D). Data are pre-

analysis of variance) in (G).
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Figure 6. Twist2 expression and chromatin binding are decreased during the postnatal period

(A) Twist2 gene expression in PD0, PD2, PD4, and TSA-PD4 upper fibroblast-lineage clusters (Fb1, Fb2, Fb3, Dp1, and Dp2). Note that Twist2 expression is

limited to PFs but not in the HF mesenchyme.

(B) Violin plots showing that Twist2 expression was gradually lost from PD0 PFs (Fb1 + Fb2 + Fb3) to PD4 PFs and that this loss of Twist2 expression was partially

recovered in TSA-PD4 PFs.

(C) Genomic footprinting analysis of PD0, PD2, PD4, and TSA-PD4 peak regions showing that Twist2 footprints were clearly visible in PD0 and PD2 peak regions

and significantly decreased in PD4 peak regions. Twist2 footprints were partially recovered in TSA-PD4 peak regions, consistent with the Twist2 expression

pattern.

(D) Twist2 coimmunoprecipitation and western blot showing that the Twist2 protein complex directly interacts with the HDAC2 enzyme in CD140a+CD26+ PFs.

PD, postnatal day; TSA, trichostatin A; ns, nonsignificant. ****p < 0.0001 (Wilcoxon two-sample test) in (B). ****p < 0.0001 (two-tailed unpaired t test) in (C).
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differentiation potential. Indeed, adult fibroblasts demonstrate

strong positional and behavioral stability when both are unper-

turbed or even after neighboring cells are damaged (Marsh

et al., 2018). These serial observations could be keys to under-

standing the postnatal period as a critical turning point for dermal

fibroblasts to orchestrate intracellular and behavioral adaptation

from embryonic development to the postnatal growth phase.

Neonatal PFs lost their regenerative potential to form HF mesen-

chyme de novo during this period and instead became more

specialized on the fibrous deposition function for extracellular

matrix repair and collagen deposition, resulting in a rapid in-

crease in dermal thickness.

Recently, postnatal maturation was highlighted as a pivotal

process for the acquisition of proper cellular and tissue function,

as a form of extensive remodeling in chromatin accessibility and

corresponding transcriptional changes (Greenberg et al., 2017;

Kim et al., 2020; Lattke et al., 2021; Reizel et al., 2018). For the

functional maturation of neuronal astrocytes, Rorb, Dbx2, and
12 Cell Reports 39, 110821, May 17, 2022
Lhx2 TFs are required to drive the postnatal maturation program

through chromatin reorganization (Lattke et al., 2021). Herein, we

demonstrated that Twist2 is required to drive the postnatal matu-

ration process in dermal fibroblasts by reshaping the chromatin

landscape, suggesting that dermal fibroblasts are evolutionarily

adapted to undergo postdevelopmental molding to acquire their

rapid wound healing ability after the completion of major tissue

development processes.

TWIST is a member of the basic helix-loop-helix (bHLH) TF

family, and bHLH TFs represent the second most populated

family of TFs in the human genome (Thurman et al., 2012). The

bHLH TFs are classified into seven major classes, including the

ubiquitous class I bHLH factors, which dimerize with lineage-

restricted class II bHLH partners (de Martin et al., 2021).

TWIST forms a subfamily of class II bHLH factors that are

capable of binding the conserved sequence 50-NCANNTGN-30

(E-box motif) (Chang et al., 2015; Zeid et al., 2018). Many of

the target genes of mammalian TWIST have multiple E-box



(legend on next page)
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sequences in their promoter regions, and the particular bHLH

TFs with which TWIST dimerizes influence E-box selection and

control transcriptional outcomes (Franco et al., 2011a). There-

fore, Twist2 can play bifunctional roles as a repressor of gene

transcription through the formation of heterodimers with E12

proteins (class I bHLH factors) (Gong and Li, 2002; Lee et al.,

2003) or as an activator of gene transcription by forming func-

tional homodimers (Franco et al., 2011b).

Consistent with our coimmunoprecipitation data, TWIST2 was

shown to recruit the nucleosome remodeling and deacetylation

(NuRD) protein complex by interacting with E12, MTA2,

RbAp46, Mi2, and HDAC2 in human cells (Fu et al., 2011; McDo-

nel et al., 2009). TWIST2 forms heterodimers with E12 and binds

E-box motifs of chromatin; the N terminus and the C terminus of

TWIST2 interact with MTA2; and the C terminus of MTA2 inter-

acts with HDAC2 (Fu et al., 2011). In the context of postnatal

PFs, Twist2 is thought to act as a transcriptional repressor of

target genes by recruiting the NuRD complex, which drives post-

natal chromatin remodeling by instructing histone deacetylation

in the binding site.

The WNT signaling pathway is an evolutionarily conserved

intercellular communication system that is important for cell pro-

liferation and differentiation during both development and tissue

homeostasis (Steinhart and Angers, 2018). In embryonic devel-

opment, canonical WNT signaling is required and sufficient for

the induction of Twist2 expression in dermal fibroblasts (Budnick

et al., 2016; Jacob et al., 2021). In HF morphogenesis, active

WNT signaling in dermal fibroblasts through b-catenin and

WNT co-TFs, such as Lef1, Tcf1, and Tcf4, is an essential pre-

requisite for DP commitment (Chen et al., 2012; Gupta et al.,

2019; Mok et al., 2019; Phan et al., 2020).

Here, we showed that neonatal PFs still showed regenerative

ability, supported by activeWNT signaling, at birth, when embry-

onic HF morphogenesis is complete. During the postnatal

period, Twist2-driven chromatin remodeling induced sponta-

neous intracellular changes following the FB maturation

pathway, leading to a loss of regenerative ability mediated by

the inactivation of the WNT signaling pathway. Considering

that the expression and chromatin binding of Twist2 are

decreased during the postnatal maturation process, the major

role of Twist2 is suggested to be the lineage-specific inactivation
Figure 7. Twist2 governs the postnatal maturation of dermal fibroblas

(A) Experimental scheme of the Pdgfra-CreER; Twist2flox/flox mouse model in whi

was carried out four times in pregnant mice and neonatal mice close to birth.

(B) Gross phenotype of Pdgfra-Twist2�/�mice showing a notable skin phenotype

TSA-treated mice.

(C) H&E images showing a higher density of upper fibroblasts with marked reducti

PD4 dermis comparedwith the control PD4 dermis. Note that other skin compartm

(D and E) Immunofluorescence and quantification of the nuclear fluorescence in

expression was significantly diminished in the Pdgfra-Twist2�/� dermis (n = 3 m

(F) Immunofluorescence and quantification of the ratio of nuclear H3K27ac and H

significantly delayed in Pdgfra-Twist2�/�PD4 PFs comparedwith control PD4 PFs

compared with epidermal keratinocytes.

(G) qRT-PCR results showing that the decrease in Hey1, Tcf7, Lef1, Wif1, and

compared with control PD4 PFs (n = 3 mice/group).

(H and I) Immunofluorescence evaluation and quantification results (n = 60 cell

delayed in Pdgfra-Twist2�/� PD4 PFs compared with control PD4 PFs. PD, pos

nonsignificant. Scale bars, (B) 1 cm, (C) 100 mm, (D, F, H, I) 50 mm. Data are the m

14 Cell Reports 39, 110821, May 17, 2022
of WNT signaling, which functions in a time-dependent manner

after birth. The role of Twist2 is suggested to be partially

conserved during wound-induced HF neogenesis in adult skin

because Twist2 is differentially expressed in only a subset of

Crabp1+ upper-wound fibroblasts (Guerrero-Juarez et al.,

2019). Furthermore, the transitional loss of Twist2 expression

in fibroblasts is thought to be required to sustain high WNT

signaling activity after the completion of DP differentiation.

Constitutional Twist2-knockout mice show a distinctive

dermal phenotype (�So�si�c et al., 2003) comparable to that of hu-

man Setleis syndrome caused by TWIST2 nonsense mutations

(Tukel et al., 2010). Twist2-null mice with a 129/Sv genetic back-

ground are indistinguishable from their wild-type littermates at

birth but develop notable skin abnormalities, such as dermal at-

rophy and adipose deficiency, during the postnatal period and

die within the first 2 weeks after birth from cachexia (�So�si�c

et al., 2003). However, Twist2-null mice with a 129/C57 mixed

genetic background survive and exhibit only mild disease,

showing a facial phenotype including thin skin and sparse hair

in the bitemporal area, characterized by atrophic dermis and

deficient adipose tissue (Tukel et al., 2010). In patients with Set-

leis syndrome, the diagnostic characteristic is bitemporal scar-

like atrophic skin lesions, which are histologically characterized

as a type of mesodermal dysplasia with significant reductions

in dermal thickness and almost a complete absence of subcu-

taneous fat. In this study, TSA-treated mice and Pdgfra-

Twist2�/� mice showed similar histological findings of reduced

dermal thickness and atrophic subcutaneous fat (Figures 4C

and 7C). Considering that the reticular dermis and subcutaneous

fat also showed significant expansion during the postnatal

period, it is likely that Twist2-driven inactivation of the WNT

signaling pathway may be required for the postnatal differentia-

tion of both upper and lower fibroblast-lineage cells.

Our study revealed the intracellular mechanism driving post-

natal maturation in dermal fibroblasts through the extensive re-

modeling of chromatin accessibility leading to the inactivation

of developmental signaling pathways after birth. By demon-

strating that the decrease in H3K27ac levels and subsequent

inactivation of WNT signaling were dependent on Twist2 in post-

natal PFs, our data suggest that Twist2 acts as a lineage-specific

master regulator promoting the postnatal differentiation of
ts

ch Twist2 expression was deleted in Pdgfra+ fibroblasts. Tamoxifen induction

of thin and less-pigmented skin compared with control littermates, observed in

ons in dermal thickness and atrophic subcutaneous fat in the Pdgfra-Twist2�/�

ents, such as HFs and the epidermis, continued to develop (black dashed line).

tensity (D; n = 60 cells/group) and qRT-PCR results (E) showing that Twist2

ice/group).

3 levels (n = 76 cells/group), showing that the decrease in H3K27ac levels was

. Note that nuclear H3K27ac expression was retained only in dermal fibroblasts

Alp gene expression was significantly delayed in Pdgfra-Twist2�/� PD4 PFs

s/group) showing that the loss of Tcf1 and Lef1 expression was significantly

tnatal day; CTNF, corrected total nucleus fluorescence; TAM, tamoxifen; ns,

ean ± SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001 (two-tailed unpaired t test).
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fibroblasts by designating chromatin regions where a loss of

accessibility will occur after birth. This study furthers our under-

standing of the postnatal maturation of cells that previously ex-

hibited regenerative potency, which will potentially give rise to

strategies targeting this development process for use in regener-

ative approaches.

Limitations of the study
Our study showed that the postnatal inactivation of WNT

signaling pathways was delayed by TSA treatment by preventing

the loss of chromatin accessibility and H3K27ac modifications.

However, TSA inhibits the enzymatic activities of the entire

HDAC family, including class I and class II HDACs, indicating

that the TSA experiment did not specifically target H3K27ac

modifications.

We would also like to note that we identified Twist2 footprints

in open chromatin regions and their temporal loss during the

postnatal period and obtained evidence that Twist2 deletion in

dermal fibroblasts was sufficient to delay the postnatal inactiva-

tion of developmental signaling pathways by preventing the loss

of H3K27ac levels. However, an additional study could be per-

formed to profile the chromatin regions that are directly bound

by Twist2 in dermal fibroblasts.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-histone 3 antibody,

unconjugated

Abcam Cat #ab1791, RRID: AB_302613

Goat polyclonal anti-histone 3 antibody, unconjugated Abcam Cat #ab12079, RRID: AB_298834

Rabbit polyclonal anti-acetyl-histone H3,

unconjugated

Millipore Cat #06-599, RRID: AB_2115283

Rabbit monoclonal anti-histone H3(acetyl K27) Abcam Cat #ab177178, RRID: AB_2828007

Rabbit monoclonal anti-TCF1, unconjugated Cell Signaling Cat #2203, RRID: AB_2199302

Rabbit monoclonal anti-LEF1, unconjugated Cell Signaling Cat #2230, RRID: AB_823558

Goat polyclonal anti-CD26, unconjugated R&D systems Cat #AF954, RRID: AB_355739

Rat monoclonal anti-CD49f, Alexa488 conjugated BioLegend Cat #313608, RRID: AB_493635

Mouse monoclonal anti-Twist2, unconjugated Abnova Cat #H00117581-M01, RRID: AB_426125

Rat monoclonal anti-CD140a antibody, PE-conjugated BD Cat #562776, RRID: AB_2737787

Rat monoclonal anti-CD140a antibody,

APC-conjugated

Thermo Fisher Cat #17-1401-81, RRID:AB_529482

Rat monoclonal anti-CD26 antibody, PE-conjugated Miltenyi Biotec Cat #130-119-652, RRID: AB_2733793

Rat monoclonal anti-CD26 antibody, PerCP

Cyanine5.5-conjugated

Thermo Fisher Cat #45-0261-82, RRID: AB_1548738

Rat monoclonal anti-CD45 antibody, biotin-

conjugated

Thermo Fisher Cat #13-0451-81, RRID: AB_466445

Rat monoclonal anti-CD34 antibody, biotin-

conjugated

Thermo Fisher Cat #13-0341-82, RRID: AB_466425

Rat monoclonal anti-CD326 antibody, biotin-

conjugated

BioLegend Cat #118203, RRID: AB_1134174

anti- APC-Cy7, streptavidin-conjugated BioLegend Cat #45-0261-82, RRID: N/A

Rabbit polyclonal anti-HDAC2, unconjugated Santa Cruz Cat #sc-7899, RRID: AB_2118563

Mouse monoclonal anti-HDAC2, unconjugated Cell Signaling Cat #5113, RRID: AB_10624871

anti-beta actin, unconjugated Thermo Fisher Cat #MA5-15739, RRID: AB_10979409

Rabbit polyclonal anti-Twist2, unconjugated Abcam Cat #ab66031, RRID: AB_2211862

Rabbit polyclonal H3K27ac antibody Diagenode Cat #C15410196, RRID: AB_2637079

normal rabbit IgG antibody Millipore Cat #NI01-100UG, RRID: AB_10681285

Chemicals, peptides, and recombinant proteins

Bovine serum albumin EMD Millipore Cat #126593

Normal donkey serum Jackson ImmunoResearch Cat #017-000-121

NuRD complex ab kit Cell Signaling Cat #8349

Triton X-100 solution Sigma–Aldrich Cat #X100

Tamoxifen Sigma–Aldrich Cat #T5648

Corn oil Sigma–Aldrich Cat #C8267

40,6-Diamidino-2-Phenylindole, Dilactate (DAPI) BioLegend Cat #422801

ProLong Gold Antifade Mountant Thermo Fisher Cat #P36930

Dimethyl sulfoxide (DMSO) Sigma–Aldrich Cat #D2650

Fetal Bovine Serum (FBS) Thermo Fisher Cat #16000-044

Phosphate buffered saline (PBS) Thermo Fisher Cat #70-013-032

Hank’s balanced salt solution (HBSS) Thermo Fisher Cat #14-175-095

Deposited data

Single-cell RNA-seq data This paper GEO: GSE181390

ATAC-seq data This paper GEO: GSE181394

(Continued on next page)
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H3K27ac ChIP-seq data This paper GEO: GSE181394

Experimental models: Organisms/strains

Mouse: C57BL/6NCrlCrljOri OrientBio RRID: N/A

Mouse: CAnN.Cg-Foxn1nu/CrlCrljOri OrientBio RRID: N/A

Mouse: B6N.Cg-Tg(Pdgfra-cre/ERT)467Dbe/J The Jackson Laboratory Cat# JAX_018280, RRID: IMSR_JAX:018280

Mouse: B6.129S4-Pdgfratm11(EGFP)Sor/J The Jackson Laboratory Cat# JAX_007669, RRID: IMSR_JAX:007669

Mouse: Twist2flox/flox mice Hwang et al., 2020 RRID: N/A

Software and algorithms

GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-software/

prism/

ImageJ/FIJI National Institutes of Health https://imagej.nih.gov/ij/, https://imagej.net/Fiji

BioRender BioRender http://www.biorender.com

CellRanger v4.0.0 103 Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/

velocyto v0.17 La Manno et al., 2018 http://velocyto.org/

Seurat v4.0 Hao et al., 2021 https://satijalab.org/seurat/

scVelo v0.2.3 Bergen et al., 2020 https://scvelo.readthedocs.io/

SCENIC v1.2.4 Aibar et al., 2017 https://scenic.aertslab.org/

Bowtie2 v1.1.1 Langmead and Salzberg,

2012

http://bowtie-bio.sourceforge.net/bowtie2/

Picard v2.7.1 Broad Institute https://github.com/broadinstitute/picard

ATACseqQC v1.18.0 Ou et al., 2018 https://bioconductor.org/packages/ATACseqQC/

MACS2 v2.1.2 Heintzman et al., 2009 https://github.com/macs3-project/MACS/

DESeq2 v1.32.0 Love et al., 2014 https://bioconductor.org/packages/DESeq2/

soGGi v1.24.1 Dharmalingam et al., 2021 https://bioconductor.org/packages/soGGi/

ChIPseeker v1.28.3 Yu et al., 2015 https://bioconductor.org/packages/ChIPseeker/

Deeptools v3.4.2 Ramı́rez et al., 2016 https://deeptools.readthedocs.io/en/develop/

index.html

Profileplyr v1.7.0 Carroll and Barrows, 2021 https://bioconductor.org/packages/profileplyr/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ohsang

Kwon (oskwon@snu.ac.kr).

Material availability
This study did not generate new unique reagents.

Data and code availability
d The scRNA-seq, ATAC-seq, andChIP-seq data have been deposited at NCBIGene ExpressionOmnibus (GEO) archive and are

publicly available as of the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental model
Mice

Adult female C57BL/6J (6–8 weeks) and male BALB/c-nude (5–6 weeks) mice were obtained from OrientBio, Korea. Pdgfra-CreER

and Pdgrfa-H2BGFP transgenic mice were obtained from The Jackson Laboratory (JAX stock nos. 018280 and 007669). Twist2-

floxed mice were obtained from the Institute of Molecular Biology and Genetics, Seoul National University, Korea (Hwang et al.,
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2020). We performed experiments using all postnatal mice (PD0, PD2 and PD4) with the appropriate genotype for the study design

regardless of sex. For in vivoHDAC inhibition, TSA (Sigma) was administered by intraperitoneal injection (5 mg/g bodyweight). For Cre

induction, tamoxifen in corn oil solution (20 mg/mL) was administered by intraperitoneal injection (75 mg/g body weight). All control

mice received the same dose of tamoxifen (WT; Twist2flox/flox and Pdgfra-CreER; Twist2flox/flox) as the experimental mice. The

mice were maintained under specific pathogen-free conditions. All animal procedures were approved by the Institutional Animal

Care and Use Committee of Seoul National University Hospital, Korea. Mice were housed in individually ventilated cages at a

maximum density of five mice per cage and maintained under a 12 h–12 h light–dark cycle at a temperature of 18–23�C and

40–60% humidity. None of the mice had been subjected to any other procedures prior to the study. Twist2-floxed mice were gen-

otyped using the following primers: 50-CGCCAGGTACATAGACTTCC-30 and 50-ATTCCGAACGGATACCCTTG-30.

METHOD DETAILS

Single-cell suspension preparation
After the mice were sacrificed, their entire back skin was harvested, and the subcutaneous fat was removed. The skin tissue was

treated with 1 mg/mL Dispase II (Roche) in PBS for 30 min at 37�C to separate the epidermis from the dermis. The dermis was incu-

bated on a plate containing 0.125 mg/mL Liberase TL (Roche) in PBS for 30 min at 37�C. The epidermis was transferred to a conical

tube containing 0.25% trypsin (Gibco) in PBS and incubated for 15 min at 37�C. Both the dermal and epidermal suspensions were

filtered through 100-mm and 40-mm cell strainers to collect dissociated cells.

FACS sorting
Dermal single-cell suspensions were incubated with FcR blocking solution in 1% BSA buffer for 30 min at 4�C. For the isolation of

PFs, the cells were labeled with conjugated anti-EpCAM, anti-CD34, anti-CD45, anti-CD140a, and anti-CD26 (see the key resources

table) antibodies in FACS buffer for 30 min on ice. FACS sorting was performed on a FACSAria II instrument (BD) equipped with

FACSDiva software (BD), and the data were analyzed with FlowJo software (BD).

HF reconstitution assay
Dissociated epidermal and dermal cells were counted and combined at a 1:2 ratio, and a total of 33 106 cells were subcutaneously

transplanted into the back skin of 6-week-old BALB/c-numice. After 2 weeks, the back skin was harvested, and the regenerated HFs

were photographed under a dissecting microscope (Nikon) and quantified using ImageJ/FIJI (NIH).

Histological examination and immunofluorescence staining
For histological examination, back skin was harvested, fixed in 4% paraformaldehyde, embedded in paraffin, sectioned at an 8-mm

thickness and stained with hematoxylin and eosin (H&E). For immunofluorescence analysis, back skin was harvested and fixed in 4%

paraformaldehyde for 1 h on ice and frozen in OCT. Sections were cut at a thickness of 10 mmwith a cryotome (Leica). After washing

with PBS, the sections were permeabilized with 0.5% Triton X-100/PBS for 15 min at 25�C and then blocked with 0.5% normal

donkey serum (Sigma) for 1 h at 25�C. The samples were incubated with primary antibodies targeting H3 (1:100), H3ac (1:100),

H3K27ac (1:100), CD26 (1:200), CD49f (1:100), Tcf1 (1:100), Lef1 (1:100), and Twist2 (1:100) overnight at 4�C. They were then incu-

bated with anti-rabbit, anti-goat, or anti-mouse secondary antibodies conjugated with Alexa Fluor 488, 594 or 647 (Invitrogen) for 1 h

at 25�C, followed by DAPI staining. Tissue sections were mounted on glass coverslips with glycerol as the mounting medium. The

corrected total nucleus fluorescence (CTNF) was calculated as the integrated fluorescence intensity (nuclear area of each

cell 3 mean fluorescence of selected area) using ImageJ/FIJI software as previously described (Kim et al., 2019). The antibodies

used in this study are listed in the key resources table.

Real-time qPCR
Total RNA was isolated from CD140a+CD26+ PFs using TRIzol (Invitrogen), and complementary DNA (cDNA) was synthesized from

equal amounts of RNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo). Synthesized cDNA was mixed with SYBR Green

Master Mix (Bioneer), and RT–qPCR was performed on an ABI 7700HT thermal cycler (Thermo). Target gene cycle threshold (Ct)

valueswere normalized to those of 36B4 in the same sample to determineDCt values and then against the control sample to calculate

DDCt and log fold change (2�DDCt) values. The primers used in this study are listed in Table S6.

Western blotting
Total protein was extracted from CD140a+CD26+ PFs using RIPA lysis buffer (Millipore). The histone fraction was extracted using an

EpiQuik Total Histone Extraction Kit (Epigentek) according to the manufacturer’s instructions. For immunoblotting, equal amounts of

the histone fractions were separated on 15%acrylamide gels and transferred to polyvinylidene fluoridemembranes. Themembranes

were incubated with primary antibodies against H3 (1:1000) and H3K27ac (1:1000) overnight at 4�C. Then, the membranes were

probed with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-mouse IgG antibodies (GeneTex) for 1 h at 25�C.
The resultant complexes were visualized by enhanced chemiluminescence (Thermo), captured with an Amersham Imager 680

(GE) and quantified using Amersham Imager 680 analysis software (GE).
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Coimmunoprecipitation
Total protein was extracted from CD140a+CD26+ PFs using RIPA IP lysis buffer (Millipore). The input lysates were stored separately,

and a Twist2 antibody (1 mg per immunoprecipitation, Abcam ab66031) was incubated with Protein G Dynabeads (Thermo) for 1 h at

4�C to form antibody-bead complexes. To prevent antibody coelution, we performed the antibody-bead crosslinking step using BS3

conjugation buffer (Thermo) according to the manufacturer’s instructions. After preclearing, immunoprecipitation of the antibody-

bead complexes was performed for 15 min at 25�C. Thereafter, the protein-antibody-bead complexes were washed three times

with wash buffer (0.02% Tween 20 in PBS), and the immunocomplexes were eluted with NuPAGE LDS sample buffer (Thermo).

The input lysates and dissociated immunocomplexes were analyzed by western blotting using antibodies targeting HDAC2

(1:1000), Twist2 (1:1000) and b-actin (1:1000) and secondary anti-mouse or anti-rabbit antibodies conjugated with HRP. Visualization

was achieved by enhanced chemiluminescence (Thermo). The antibodies used in this study are listed in the key resources table.

Single-cell RNA-seq analysis
For scRNA-seq, dermal and epidermal single-cell suspensions were quantified with a hemocytometer and combined at a 1:1 ratio.

Cells were pooled together from 2mice per replicate. Dead cells were removed using the Dead Cell Removal Kit (MACS) according to

the manufacturer’s directions. Library construction was performed with the Chromium Single Cell 30 Reagent Kit v3 Chemistry (10X

Genomics) according to the manufacturer’s protocol. The library was sequenced on the Illumina HiSeq X Ten platform (Illumina) at

Macrogen (Korea). Transcripts were mapped to the mm10 reference genome using CellRanger v4.0.0 with the default reference

package (10XGenomics). Theweb summary of CellRanger statistics is listed in Table S1. First, spliced and unspliced transcript reads

were calculated using the velocyto v0.17 package (La Manno et al., 2018) in the CellRanger output folder. The velocyto output was

merged using the loompy package and imported into the Seurat v4.0 R package (Hao et al., 2021) for quality control, dimensionality

reduction, cell clustering, and differential expression analyses based on spliced expression matrices, as directed in the Seurat

vignette (https://satijalab.org/seurat/). Briefly, spliced expressionmatriceswere normalized using the sctransform function to remove

confounding sources of variation, including technical variability. Then, principal component analysis (PCA) was performed, the top 20

PCs were used to run the UMAP algorithm, and the FindNeighbors and FindClusters functions were used for unsupervised clustering

analysis. Dermal fibroblast clusters were identified based on Col1a1 and Pdgfra expression. For the subclustering analysis of dermal

fibroblast-lineage cells, the same Seurat workflow described above was followed. Upper fibroblast lineage clusters were identified

based on marker gene expression (Pdgfra, Dpp4) and the differentiation trajectory calculated based on RNA velocity (Bergen et al.,

2020), and the clusters were subjected to downstream analysis to assess fate specification according to the differentiation trajectory.

Upper dermal clusters were subclustered and imported into the scVelo v0.2.3 Python package for the assessment of velocity-inferred

cell-to-cell transitions, pseudotime analysis, partition-based graph abstraction (PAGA) (Wolf et al., 2019), cellular ancestry showing

descendants/ancestors, and velocity genes as directed in the scVelo vignette (https://scvelo.readthedocs.io/). For the subclustering

analysis of timepoint samples, the same Seurat and scVelo workflow described above was followed. Differentially expressed gene

analysis between cell clusters was performed using the FindMarkers function based on the nonparametric Wilcoxon rank sum test,

and the results were visualized by using the EnhancedVolcano v1.12.0 package. Gene ontology analysis was performed using the

gProfileR v0.7.0 package. Gene regulatory network analysis was performed to infer active TF networks using the SCENIC v1.2.4

package (Aibar et al., 2017) with the default parameters as directed on the SCENIC vignette (https://github.com/aertslab/

SCENIC) using the RcisTarget database.

ATAC-seq library preparation
ATAC-seq was performed on freshly FACS-sorted CD140a+CD26+ cells as previously described (Buenrostro et al., 2015). Cells were

pooled together from 2 mice per replicate. Briefly, cells were incubated with cold lysis buffer (10 mM Tris-HCl pH 7.4, 10 mM NaCl,

3 mMMgCl2, 0.1% IGEPAL CA-630). After removing the lysis buffer, the samples were immediately subjected to a transposition re-

action for 30 min at 37�Cwith TN5 transposase (Illumina). Transposed DNA was purified using a Qiagen MiniElute purification kit and

PCR amplified over 10–15 cycles. Library construction was performed using Nextera primers (Illumina) as previously described

(Buenrostro et al., 2015). ATAC-seq experiments were independently repeated two times. A total of eight samples were uniquely bar-

coded, and the sequencing library was prepared according to the manufacturer’s guidelines (Illumina). The concentration and quality

of the library were assessed by using Tape Station HSD5000 (Agilent) prior to sequencing. The libraries were sequenced on the Illu-

mina HiSeq 2500 platform using the 50-bp paired-end setting at Macrogen (Korea).

ChIP-seq library preparation by ChIPmentation
ChIP-seq of freshly FACS-sorted CD140a+CD26+ cells was performed using the ChIPmentation method (Schmidl et al., 2015). Cells

were pooled together from 2 mice per replicate. Briefly, the cells were fixed with 1% paraformaldehyde in PBS for 10 min at 25�C,
after which glycine was added to stop the reaction. The cells were collected by centrifugation at 500 g for 10 min at 4�C and washed

twice with 1 mM phenylmethyl sulfonyl fluoride (PMSF) in PBS. The pellet was disrupted with a Branson 102C sonicator with a 15%

pulse for 10 s, which was repeated 7 times on ice with a MilliTUBE (Covaris) until the sizes of the fragments was within 200–700 bp.

The lysate was centrifuged at 14,000 g for 5 min at 4�C, and the supernatant containing the sonicated chromatin was transferred to a

new tube. The sonicated lysate was brought to a total volume of 200 mL with RIPA buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA,

140 mM NaCl, 0.1% SDS, 0.1% DOC, 1% Triton X-100, 1 mM PMSF, and 13 protease inhibitors) per immunoprecipitation. For
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each immunoprecipitation, Protein A Dynabeads (10 mL) were washed twice and resuspended in 0.1% BSA in PBS. The appropriate

antibody was added and bound to the beads by rotation for 2 h at 4�C. An anti-H3K27ac antibody (1 mg per immunoprecipitation,

Diagenode pAB-196-050) and a nonspecific IgG rabbit antibody (2.5 mg per immunoprecipitation, Millipore 12–370) were used.

The tube containing the blocked antibody-conjugated beads was then placed on a magnet, the supernatant was removed, and

the sonicated lysate was added to the beads for 3 h at 4�C under rotation. The beads were then washed with RIPA, RIPA-HS

(10 mM Tris-HCl pH 8.0, 1 mM EDTA, 500 mM NaCl, 0.1% SDS, 0.1% DOC, 1% Triton X-100) and RIPA-LiCl (10 mM Tris-HCl pH

8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP40, 0.5% DOC) buffers. The beads were washed with cold Tris-HCl pH 8.0, resuspended

in 25 mL of tagmentation reaction buffer (10 mM Tris pH 8.0, 5 mM MgCl2, 10% v/v dimethylformamide) containing 1 mL of the

TN5 transposase enzyme (Illumina) and incubated for 5 min at 37�C in a thermocycler. The beads were washed with RIPA and

cold Tris-HCl pH 8.0 and then incubated with 70 mL of elution buffer (10 mM Tris-HCl pH 8.0, 5 mM EDTA, 300 mM NaCl, and

0.4% SDS) containing 2 mL of Proteinase K (NEB) for 1 h at 55�C and for 6 h at 65�C; the supernatant was transferred to a new

tube. Transposed DNA was purified with a Qiagen MiniElute purification kit and PCR amplified using Kapa HiFi HotStart ReadyMix

(Kapa Biosystems). The enriched libraries were purified using SPRI AMPure XP beads at a bead-to-sample ratio of 1:1, followed by

size selection using AMPure XP beads to recover libraries with a fragment length of 200–400 bp. Library construction was performed

using the TruSeq ChIP Library Preparation Kit (Illumina). The libraries were sequenced on the Illumina HiSeq 2500 platform using the

100-bp paired-end setting at Macrogen (Korea).

ATAC-seq and ChIP-seq analysis
Sequencing reads were aligned to the mm10 mouse genome (UCSC) using Bowtie2 v1.1.1 (Langmead and Salzberg, 2012) with the

parameter ‘‘-X2000 –very-sensitive’’ for paired-end reads. Duplicates were removed using Picard v2.7.1. The quality of ATAC-seq

data was assessed with ATACseqQC v1.18.0 (Ou et al., 2018) to check the library complexity, fragment size distribution, pro-

moter/transcript body score, nucleosome-free region score and transcription start site (TSS) enrichment score. Peaks for each repli-

cate were called using MACS2 v2.1.2 (Zhang et al., 2008) in BAMPE mode. Differential signal analysis was performed using DESeq2

v1.32.0 (Love et al., 2014). Briefly, count matrices were generated bymeasuring the signal from each replicate in an experiment with a

nonredundant union peak set representing peak calls across all three timepoints. PCA was performed using signals within peaks.

Plotting of the ATAC signal of TSSs was performed using soGGi v1.24.1 (Dharmalingam et al., 2021) to generate plots of the average

signal across TSSs for different fragment length ranges to show nucleosome-free, mono-nucleosome and di-nucleosome signal pro-

files. The overlap of ATAC peaks among samples was calculated using the overlap matrix generated by soGGi with the vennDiagram

function. ChIPseeker v1.28.3 (Yu et al., 2015) was used to annotate the genomic features of peak regions with the

TxDb.Mmusculus.UCSC.mm10.knownGene package. The peak files for each PD0, PD2 and PD4 sample were merged to obtain

a consensus peak file representing a total of 57,954 peak regions that were called at least one time at all three timepoints. The

DeepTools v3.4.2 (Ramı́rez et al., 2016) bamCoverage (for ATAC samples) or bamCompare (for ChIP samples vs. IgG samples) func-

tion was used to generate bigWigs of BAM files for the consensus peak regions. For the semiquantitative analysis of ChIP-seq data,

theH3K27ac signal of each sample was normalized to themerged input signal by using the scale factors calculated based on the total

H3K27ac protein-to-H3 protein ratio as previously proposed (Orlando et al., 2014). The deepTools computeMatrix function was used

to evaluate the ATAC and H3K27ac signals of ±5 kbp regions around TSSs plotted for each sample. Profileplyr v1.7.0 (Carroll and

Barrows, 2021) was used to perform k-means clustering of ATAC peaks and generate box plots and heatmaps according to cluster

domains. Cluster domains identified from the ATAC peaks of the PD0, PD2 and PD4 samples were consistently applied to TSA-PD4

samples as well as the H3K27ac signal to generate box plots and heatmaps. Ontology analysis was performed using the Genomic

Regions Enrichment of Annotation Tool (GREAT) with the wholemouse genome (GRCm38/mm10) as the background. The ATAC and

H3K27ac signal tracks were presented by using Integrative Genomics Viewer (IGV) software (Broad Institute). The peak regions and

corresponding ATAC and H3K27ac signals from this study are listed in Tables S4 and S5.

Motif analysis
The unique chromatin regions were calculated using BEDtools v2.25 with the parameter ‘‘subtract -a’’ by subtracting PD2 or PD4

peak regions from PD0, PD2, or TSA-PD4 peak regions. To identify enriched sequence motifs that matched TF binding sites, we per-

formed de novo sequence motif discovery using HOMER (Heinz et al., 2010) applied to the ±200 bp sequences around ATAC peak

summits with the default settings. Motifs were reported according to p values that were considered significant and expression in

dermal fibroblasts.

TF footprinting analysis
To compare the Twist2 activity changes based on differential binding in open chromatin regions of PD0, PD2, PD4 and TSA-PD4

samples, we performed TF footprinting analysis using the HINT algorithm (Gusmao et al., 2016) for ATAC-seq data (Li et al.,

2019), which is a framework for identifying active TF binding sites in open chromatin data. We used BAM files and corresponding

peak files from ATAC replicates as input, which were preprocessed based on read alignment with Bowtie2 and peak calling with

MACS2. Differential footprinting analysis was performed to generate average signal profiles around Twist2 binding sites from
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each replicate within an experiment, and the two ATAC-seq experiments showed similar results regarding the binding activity of

Twist2. The cut-site probability at each position in the ±100 bp regions around Twist2 binding sites was used to calculate statistically

significant differences between samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility
No statistical methodswere used to predetermine the sample size. The experiments were not randomized, and the investigators were

not blinded to the allocation during the experiments and outcome assessment. The numbers of biological replicates are specified in

the figures and figure legends. Data are presented as the mean ± s.e.m., and the biological replicates are shown in the graph back-

grounds. Two-tailed unpaired Student’s t test or Welch’s two-sample t test was used to analyze datasets with two or more than three

groups. The generation of data plots and statistical analyses were performed using Excel (Microsoft), Prism (GraphPad) and R (R

Foundation). p values <0.05 indicated significance and are presented as follows: *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001; the exact p values are supplied in the figures and figure legends.
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