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SUMMARY
Eccrine sweat glands are indispensable for human thermoregulation and, similar to other mammalian skin
appendages, form frommultipotent epidermal progenitors. Limited understanding of how epidermal progen-
itors specialize to form these vital organs has precluded therapeutic efforts toward their regeneration. Herein,
we applied single-nucleus transcriptomics to compare the expression content of wild-type, eccrine-forming
mouse skin to that of mice harboring a skin-specific disruption of Engrailed 1 (En1), a transcription factor that
promotes eccrine gland formation in humans and mice. We identify two concurrent but disproportionate
epidermal transcriptomes in the early eccrine anlagen: one that is shared with hair follicles and one that is
En1 dependent and eccrine specific. We demonstrate that eccrine development requires the induction of
a dermal niche proximal to each developing gland in humans and mice. Our study defines the signatures
of eccrine identity and uncovers the eccrine dermal niche, setting the stage for targeted regeneration and
comprehensive skin repair.
INTRODUCTION

Eccrine sweat glands are the most numerous appendage found

in human skin and are critically important for human thermoreg-

ulation, removing excess heat and protecting our bodies from

lethal overheating.1–3 Despite their importance, there are no ther-

apeutic paradigms to regenerate eccrine glands for reconstruc-

tive skin repair, leaving patients with epithelial injuries such as

extensive burns with extreme, even life-threatening deficits in

thermoregulation.1,2,4–7 Thwarting these efforts is a lack of infor-

mation on how the skin forms these critical appendages in the

first place.

Eccrine glands belong to the ectodermal appendage organ

class, which also includes hair follicles and mammary glands.2,8

These organs form from thickenings of the deepest (basal) layer

of the epidermis called placodes, and mature by growing down

and differentiating into the underlying connective tissue

dermis.8–11 To date, studies investigating eccrine gland develop-

ment have largely implicated molecular regulators and develop-

mental pathways shown to also be required for the formation of

other ectodermal appendages, such as hair follicles and mam-

mary glands.5,8,10,12–18 However, the molecular factors that

distinguish epidermal progenitors as they transition through ec-

crine gland development are poorly understood.5,8,10,12,19,20
20 Developmental Cell 59, 20–32, January 8, 2024 ª 2023 The Autho
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For other ectodermal appendages such as hair follicles, teeth,

and mammary glands, a major function of the placode is to

induce local condensation of the underlying dermis to form a

specialized niche that engages in coordinated and reciprocal

interaction with the appendage progenitors to direct further

development. 3,21–25 Strikingly, eccrine gland placodes, and

indeed developing eccrine glands at any stage, are not

associated with the morphologically evident mesenchymal

condensations that are the hallmarks of known dermal niches

and an analogous niche for the eccrine gland has not been

identified.23,31 Accordingly, it is unknown whether eccrine

developmental progression requires extrinsic input from the

dermis or diverges from the classical ectodermal appendage

paradigm.8,10,12,26,28–31

To enable precise targeting of the eccrine gland develop-

mental program, we took advantage of an in vivo system that al-

lows direct comparison within the same spatiotemporal context

between the developmental program for eccrine glands and that

of another major ectodermal appendage, the hair follicle. Specif-

ically, we capitalized on the fact that in the eccrine-forming skin

of mice, the palmar/plantar (volar) paw, expression of the

Engrailed 1 (En1) gene promotes the formation of eccrine glands

and concomitantly inhibits the formation of hair folli-

cles.5,12,19,32–34 Using genetic modulation of En1 levels in this
rs. Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Single nucleus transcriptomic

profiling of mouse skin after targeted disrup-

tion of eccrine placode identity

(A) Mating scheme to generate animals, dosing

schedule, and time points for analyses performed in

this study. All En1-cKO and Control mice were

administered doxycycline (DOX) starting on embry-

onic day (E)16.5 until day of harvest. Volar hindpaw

skin was harvested on post-natal day (P) 2.5 and

analyzed as indicated. Schematic of E16.5 volar

hindpaw showing appendage composition at start

of Dox administration.

(B) Representative images of stained adjacent

sagittal sections through the footpad and inter-

footpad regions of P2.5 Control (left) and En1-cKO

(right) volar skin. First section in series is stained

with hematoxylin and eosin (H&E) for overall

morphology; second section in series is stained with

EDAR antibody (yellow) to visualize developing ec-

crine and hair appendages, as indicated. Section is

counterstained with 40,6-diamidino-2-phenylindole

(DAPI; magenta). Hair placode associated dermal

condensate (arrowheads). In situ hybridization for

En1 (purple) on the third adjacent section in each

series. Scale bars represent 50 mm. EG, eccrine

gland; HF, hair follicle; FP, footpad; and IFP, inter-

footpad.

(C) Schematic of Control (left) and En1-cKO (right)

volar hindpaw skin at P2.5 summarizing where

nascent glands (dark blue), eccrine placodes (light

blue), and hair placodes (red) are found at this stage.

Dashed line indicates the region of volar hindpaw

skin that was dissected and snap frozen for snRNA-

seq.

(D) UMAP projection of 45,370 nuclei from merged

Control and En1-cKO datasets, which were

analyzed in this study. Cluster identification

numbers are annotated. Epidermal and dermal

nuclei are highlighted in blue and yellow, respec-

tively. All other nuclei are in gray.

(E) Violin plots of gene expression by cluster for

markers of the epidermis (Cdh1, Cdh3, and Trp63)

and dermis (Pdgfra, Cd44, and Col1a2).
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tissue, we shifted the composition of mouse volar skin from ec-

crine to hair forming and applied single nucleus transcriptomics

to parse out the transcriptional and cellular identifiers that make

the developing eccrine gland distinct.

RESULTS

Targeted disruption of eccrine development by
inhibition of eccrine placode identity
En1 is expressed throughout the deepest (basal) layer of the

epidermis in the palmar/plantar (volar) skin of the mouse paw

and is focally upregulated in the earliest eccrine anlagen, or plac-

odes, that form therein.12,19,35 This expression pattern is recapit-

ulated in human fetal skin in regions where eccrine glands are

developing.12,34 Importantly, the level of epidermal En1 during

the developmental period when eccrine placodes are specified

is directly correlated with the number of eccrine glands that

form in mouse and human skin, and reducing En1 levels results

in a dosage-dependent decrease in the number of eccrine
glands.5,12,19,33,34,36 We therefore reasoned that disrupting

epidermal En1 expression at the eccrine placode stage would

lead to a specific depletion of the eccrine developmental signa-

ture from the skin.

To this end, we derived doxycycline inducible, epidermis-spe-

cific, En1-null, or knockout, mice (En1-cKO) by breeding mice

harboring alleles for a tetracycline-responsive Cre recombinase

(tetO-Cre), a basal keratinocyte-specific reverse tetracycline

transactivator (Krt5-rtTA), and a conditional En1-null allele

(En1flox).21,27,37 We induced En1 disruption in the Keratin 5

(Krt5)-positive, basal epidermis by administering doxycycline

to pregnant dams on embryonic day (E) 16.5 (Figure 1A). At

this developmental stage, the first eccrine placodes are forming

in the six thickened elevations, or footpads, located at the pe-

riphery of the volar hindpaw.10–12,19 On post-natal day (P) 2.5,

we harvested the volar skin from En1-cKO (tetO-Cre/+;Krt5-

rtTA/+;En1flox/flox) and Control animals (En1flox/flox, Krt5-

rtTA/+;En1flox/flox, and tetO-Cre/+;En1flox/flox) and compared

their volar appendage compositions. Consistent with our
Developmental Cell 59, 20–32, January 8, 2024 21
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previous findings in wild-typemice, developing eccrine glands at

multiple stages are simultaneously present in P2.5 Control volar

skin.19 In the footpads, where eccrine gland development began

days earlier, nascent-stage eccrine glands that are co-positive

for the pan-appendage marker EDAR and for En1 expression,

are differentiating and proliferating into the underlying dermis

(Figure 1B).11,19 Importantly, the centrally located interfootpad

volar skin of Control mice is populated by placode-stage eccrine

glands that show characteristic upregulation of En1 and are also

positive for EDAR (Figure 1B, bottom left).10,11,19 In contrast, the

footpads and the interfootpad regions of P2.5 En1-cKOmice are

significantly depleted of nascent eccrine glands and eccrine

placodes, respectively (Figure 1B, right panels). Moreover, we

find that the interfootpad regions of En1-cKOmice are populated

by hair follicle placodes (Figure 1B, bottom right). Each hair folli-

cle placode is readily differentiated from its eccrine counterparts

by an underlying dermal condensate (DC), a morphologically

evident aggregate of dermal cells that is the instructive

niche for each developing hair follicle and the precursor of the

dermal papilla (Figure 1B, bottom right, arrowheads indicate

DC).8,26,28–31

Analyses of adult Control and En1-cKO mice confirm that the

regimen we used to disrupt epidermal En1 during development

permanently inhibits eccrine formation (Figure S1A). We find

that compared with Controls, the volar skin of adult En1-cKO

mice exhibits a dramatic reduction in footpad eccrine glands

coupled with a near-complete loss of these organs in the

interfootpad space, as well as an increase in the number of

fully formed, interfootpad hair follicles (Figures S1B–S1E;

Tables S1–S3).

Our findings demonstrate that genetic manipulation of the En1

locus in the basal epidermis can be used as a tool to specifically

perturb the eccrine developmental program at its onset. Collec-

tively, the reciprocal effect of En1 on P2.5 eccrine and hair pla-

code identities in the interfootpad space, and the loss of differen-

tiating nascent eccrine glands in the footpads of En1-cKO mice

at this stage, makes this an ideal experimental system to capture

not only the eccrine developmental program but also the transi-

tions that characterize its progression (Figure 1C).

Single-nucleus RNA sequencing recovers
transcriptional signatures of the primary skin layers
The volar hindpaw skin of P2.5 mice is composed of many

different cell types, which have differential sensitivity to En1

and varying degrees of involvement in eccrine gland develop-

ment. Accordingly, we adapted Drop-seq-based, single-nucleus

RNA sequencing (snRNA-seq) to recover the transcriptional pro-

files of P2.5 Control and En1-cKO skin samples.22–24 Using the

regimen described above, we dosed pregnant dams with doxy-

cycline at E16.5 and collected the volar hindpaw skin of P2.5

Control and En1-cKO pups for snRNA-seq (Figures 1A and

1C). For each of the three profiled genotypes (two Control geno-

types: En1flox/flox, Krt5-rtTA/+; En1flox/flox; one En1-cKO geno-

type: tetO-Cre/+;Krt5-rtTA/+;En1flox/flox), we profiled two biolog-

ical replicates, where each replicate was comprised pooled,

volar hindpaw skins from five mice of the same genotype. In to-

tal, the transcriptomes of 45,370 sequenced nuclei passed qual-

ity control filtering and were interrogated in subsequent

analyses.
22 Developmental Cell 59, 20–32, January 8, 2024
After sample integration with Harmony, initial clustering on the

merged data from all nuclei across Control and En1-cKO groups

yielded 23 clusters (Figure 1D; Figure S2A).25 Sample replicates

showed substantial overlap both via principal components anal-

ysis and upon further dimensionality reduction via UMAP (Fig-

ure S2B). Analysis for marker gene enrichment reveals that our

experiment captured the transcriptomes of nuclei from the two

major compartments of the skin, namely nuclei of epidermal

(blue) origin and of dermal (yellow) origin (Figures 1D, 1E, S2C,

and S2D; Data S1A). Characteristic of the epidermal skin layer,

we find clusters that show enrichment for the epidermal makers

Cdh1 (e-cadherin), Cdh3 (p-cadherin), and Trp63 (p63) (9,070

nuclei; Figures 1E and S2C; Data S1A).38–40 The two Control ge-

notypes contribute 6,013 nuclei to the epidermal clusters, while

the En1-cKO genotype contributes 3,057 nuclei. Nuclei from

clusters of a nominally dermal origin, which are the most abun-

dant populations captured in our analyses, express known fibro-

blast markers including Pdgfr alpha (Pdgrfa),Cd44, andCollagen

type I alpha 2 (Col1a2) (25,859 nuclei; Figures 1E and S2D; Data

S1A).41 Of these, the two Control genotypes contribute 17,398

nuclei to the dermal clusters, and the En1-cKO genotype con-

tributes 8461 nuclei. Based on marker enrichment, we addition-

ally identify clusters of endothelial, smooth muscle, and immune

origins (Figures 1D, gray, S2E, and S2F; Data S1A). These find-

ings demonstrate that the nuclear transcriptome reflects the

cellular heterogeneity of the volar skin and that our dataset cap-

tures expression profiles from the primary skin populations from

both Control and En1-cKO experimental samples.

A specialized transcriptome dominates the expression
landscape of nascent-stage eccrine glands
Similar to all ectodermal appendages, eccrine glands form from

Krt5- and Krt14-expressing basal keratinocytes.8–12 All cells of

the developing eccrine gland retain expression of these basal-

specific epidermal markers from the placode stage through the

nascent period.9,11 We observe enrichment for Krt5 and Krt14

in clusters 2, 10, 14, and 15, suggesting that the expression sig-

natures of eccrine epidermal progenitors are likely to be con-

tained within this subset of clusters (Figure 2A; Data S1A).

Consistent with this, we find that cluster 14 is almost entirely

depleted of En1-cKO nuclei, accounting for just 1.64% of En1-

cKO epidermal nuclei in the dataset but accounting for 17.71%

of epidermal nuclei recovered from Controls (Figures 2B

and 2C). In situ hybridization to detect Trpv6 and other top

marker genes of cluster 14 reveals a consistent pattern of enrich-

ment in nascent eccrine glands in the hindpaw footpads of wild-

type mice (Figures 2D, 2E, S3A, and S3B). That the nascent

gland transcriptome is sufficiently diverged as to cluster sepa-

rately from the other epidermal populations shows that at this

stage of development, the overriding transcriptional character

of eccrine epidermal progenitors is highly specialized and differ-

entiated with respect to the rest of the epidermis.

Identification of an eccrine developmental lineage in the
epidermis
We specifically interrogated the heterogeneity of the epidermal

clusters with a goal of resolving finer scale expression differ-

ences and identifying transcriptional signatures of pre-

nascent-stage eccrine gland progenitors including those of the
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Figure 2. Transitions in the eccrine transcriptome during development

(A) Violin plots of gene expression in only epidermal clusters for markers of basal keratinocytes (Krt5 and Krt14) and suprabasal keratinocytes (Krt1 and Krt10).

(B) UMAP projections of epidermal nuclei from original clustering (Figure 1D) colored by cluster identity and split by condition (Control and En1-cKO). Red dashed

oval highlights cluster 14, which is depleted in En1-cKO.

(legend continued on next page)
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eccrine placodes. After clustering only the epidermal nuclei iso-

lated frommerged Control and En1-cKO genotypes, we find that

these further resolve into nine epidermal subclusters (Epi0-8)

(Figure 2F; Data S1B). Of these, Epi5 and Epi8 correspond to

the validated nascent gland cluster 14 in the initial analysis, while

nuclei in Epi2, Epi6, and Epi7 are characterized by enrichment for

the suprabasal markers Krt1 and Krt10 (Figures S3C and S3D;

Data S1B).9,11 Since early eccrine epidermal progenitors,

including those of the placode, are basal in character, the nuclei

within Epi0, Epi1, Epi3, or Epi4, which are enriched for the basal

epidermal markers Krt5 and Krt14, may represent these earlier

stages of eccrine gland development (Figures S3C–S3E;

Data S1B).

Trajectory inference performed on all epidermal nuclei iden-

tifies a lineage that originates with cluster Epi0, which bears

the transcriptional hallmarks ofmulti-potent basal epidermal ker-

atinocytes and ends with the validated nascent eccrine gland

clusters Epi5 and Epi8 (Figures 2G and S3D; Data S1B). Epi3

represents an intermediate state along this inferred lineage and

is enriched for transcripts involved in ectodermal appendage

development including Edar (Figures S3D–S3F; Data S1B).

To classify the Epi3 nuclei, we investigated the expression of

Lgr6, which is the top upregulated transcript of this subcluster

compared with all other epidermal populations (Figures 2H and

S3D; Data S1B). Lgr6 is known to be expressed in hair follicle

placodes, suggesting that Epi3 may capture the transcriptional

signatures of the earliest appendage primordia.42 Consistent

with this, we find that in the volar hindpaw skin of P2.5 Lgr6-

EGFP knockin reporter mice, EGFP is expressed in the eccrine

placodes of the interfootpad space and in the nascent glands

of the footpads (Figures 2H and 2I; Data S1B). These collective

data reveal that our snRNA-seq dataset captures a continuous

eccrine developmental lineage. Notably, both Control and En1-

cKO nuclei contribute to the early inferred eccrine lineage in

the epidermis, and Control and En1-cKO samples cluster

together in Epi0 and the early portion of Epi3, the origin and inter-

mediate phases of the lineage, respectively (Figures 2J and S3F).

These observations suggest that during the initial stages of ec-
(C) Percent contribution of nuclei from each epidermal cluster to total epidermal n

color as depicted in (B).

(D) Feature plots showing normalized expression of cluster 14 marker Trpv6 in C

(E) In situ hybridization for En1 (top) and Trpv6 (bottom) in a wild-type footpad at

(F) UMAP projection of subclustered epidermal nuclei colored by subcluster iden

(G) Results of slingshot trajectory inference mapped onto the subclustered epid

subclusters 0, 3, 5, and 8. Points representing nuclei are colored according pseu

(H) Feature plot showing normalized expression of Lgr6, a top marker of epiderm

nuclei.

(I) Immunofluorescence staining of sagittal sections through the volar hindlimb

against EGFP (cyan), which reads out endogenous Lgr6, and Keratin 14 (KRT1

Sections through footpad skin containing nascent eccrine glands (top), and also o

are shown. In situ hybridization for En1 on adjacent serial sections is used to con

(J) Pseudotime density distribution of Control (gray) and En1-cKO (red) nuclei fo

indicates differential progression along this trajectory between the conditions (p

(K) Heatmap showing relative expression of transcripts that are differentially ex

pseudobulk samples, which are populated by eccrine glands and hair follicles,

are pseudobulk sample replicates and rows are genes.

(L) qRT-PCR results for Dkk4 (left) and En1 (right) of volar hindpaw skin from C57B

represents the right and left volar skin from one mouse. Biological samples we

contains mostly hair placodes at P2.5, while that of FVB/N contains mostly eccrin

gene Rpl13a and shown as �DCT. Significant differences between groups asses

24 Developmental Cell 59, 20–32, January 8, 2024
crine development, including during the placode stage, the tran-

scriptional identity of eccrine progenitors is highly concordant

with that of early hair follicle progenitors.

An Engrailed-1-dependent transcriptome distinguishes
the sweat gland placode from that of the hair follicle
Our findings reveal that nuclei derived from placode-stage volar

appendages, both eccrine gland and hair follicle, are repre-

sented in Epi3. We reasoned that the transcriptional signature

of the eccrine placode could be resolved by specifically

comparing the transcriptional content of Control (eccrine-form-

ing) versus En1-cKO (hair-forming) nuclei within this intermediate

cluster. We compared pseudo-bulk expression profiles of nuclei

from Epi3 for Control versus En1-cKO samples (Figure 2K). This

analysis identifies only 29 transcripts that are significantly differ-

entially expressed between the Epi3 nuclei derived from the two

conditions (likelihood ratio test: adjusted p < 0.01; log2 fold

change > 0.58). Of these, nine are relatively upregulated in the

Control (eccrine) samples compared with the En1-cKO (hair)

samples (Figure 2K).

Our targeted comparative analysis identified the secreted Wnt

inhibitor Dkk4 as a nuclear transcript that is relatively enriched in

the eccrine-containing Controls versus En1-cKO samples (Fig-

ure 2K). Dkk4 expression has previously been reported in pla-

code-stage hair follicles and eccrine glands, whichwe confirmed

by in situ hybridization in P2.5 volar skin of wild-type mice (Fig-

ure S3G).10,43–46 To validate the quantitative enrichment of

Dkk4 in eccrine placodes relative to hair follicle placodes, we

took advantage of strain specific differences in the number of

volar hair follicles and eccrine glands between C57BL/6N and

FVB/N mice.19 We have previously reported that, on average,

the hindpaw interfootpad region of FVB/N mice contains 39 ec-

crine glands and 5 hair follicles, while the same region in C57BL/

6N mice contains 8 eccrine glands and 65 hair follicles.19 Using

genetic mapping, we have previously implicated the higher

expression of epidermal En1 in FVB/N P2.5 volar hindpaw skin

as the major causal driver for the specification of more eccrine

gland placodes and fewer hair follicles placodes in this strain
uclei from Control and En1-cKO samples, respectively. Clusters are coded by

ontrol and En1-cKO epidermal nuclei. Negative nuclei are shown in gray.

P2.5. Arrow indicates nascent eccrine gland.

tity (merged Control and En1-cKO conditions).

ermal UMAP embedding that depicts an inferred lineage through epidermal

dotime; nuclei not involved in this lineage are colored gray.

al subcluster 3, for Control (left) and En1-cKO (right) subclustered epidermal

skin of Lgr6-EGFP mice at P2.5. Tissue sections are stained with antibodies

4; yellow) and 40,6-diamidino-2-phenylindole (DAPI) nuclear stain (magenta).

f the interfootpad region that contains eccrine gland placodes (bottom, arrow)

firm eccrine gland (top and bottom, right). Scale bars represent 50 mm.

r slingshot lineage shown in (E). Kolmogorov-Smirnov test of the distributions

< 2.2e�16; D = 0.26487).

pressed between epidermal subcluster 3 nuclei from Control and En1-cKO

respectively (p adjusted < 0.01; absolute log2 fold change > 0.58). Columns

L/6N (n = 3 mice) and FVB/N (n = 3 mice) mice at P2.5. Each biological sample

re assayed in technical quadruplicate. The interfootpad space of C57BL/6N

e placodes at this stage. Target gene expression is normalized to the reference

sed by Mann-Whitney-Wilcoxon test (*p < 0.05).
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Figure 3. Identification of an En1-dependent dermal lineage associated with developing eccrine glands

(A) UMAP projections of dermal nuclei colored by cluster identity (original clustering from Figure 1D) and split by condition (Control and En1-cKO). Red, dotted

oval highlights cluster 20, which is depleted in En1-cKO.

(B) Percent contribution of nuclei from each dermal cluster to the total dermal nuclei from Control and En1-cKO samples, respectively. Subclusters are coded by

color as depicted in (A).

(C) Feature plots showing relative expression of cluster 20 marker S100a4, split by condition.

(D) In situ hybridization for S100a4 (purple) in sagittal sections of wild-type FVB/N P2.5 footpads containing nascent eccrine glands. En1 expression (purple) by in

situ hybridization is shown on adjacent sections. Immunofluorescence staining for PDGFRA (cyan), which marks dermal fibroblasts, and KRT14 (yellow), which

marks basal keratinocytes. All images shown are from adjacent serial sections.

(E) Representative images of in situ hybridization for S100a4 (purple) and En1 (purple) along with EDAR immunofluorescence (yellow) and hematoxylin and eosin

(H&E) staining of adjacent serial sections of control (En1flox/flox) and En1-cKO (tetO-Cre; Krt5rtTA/+; En1f/f) footpad skin at P2.5. Arrows indicate nascent eccrine

glands in the footpad.

(legend continued on next page)
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versus the P2.5 volar skin of C57BL/6N mice.19 Analysis of Dkk4

expression by qRT-PCR in P2.5 FVB/N and C57BL/6N volar

hindpaws reveals a significant upregulation of Dkk4 in the pre-

dominantly eccrine placode-containing skin of FVB/Ns relative

to that of C57BL/6N (Figure 2L; Mann-Whitney-Wilcoxon test,

Dkk4: p = 0.0495, Z = �1.964, r = �0.8). Notably, the effect

size estimate ofDkk4 upregulation is equivalent to that ofEn1 up-

regulation in FVB/N as compared with C57BL/6N (Figure 2L;

Mann-Whitney-Wilcoxon test, En1: p = 0.0495, Z = �1.964,

r = �0.8).

The relative increase of Dkk4 expression in eccrine gland

versus hair follicle placodes confirms the existence of a specific

signature of eccrine identity that is dependent on the epidermal

expression of En1. Taking into account the extensive transcrip-

tional similarity we observe for Control and En1-cKO nuclei

early in the inferred eccrine epidermal lineage, our data are

consistent with the concurrent but disproportionate representa-

tion of two distinct transcriptional programs in the eccrine pla-

code: a major transcriptome that is shared with the hair follicle

placode, and a relatively underrepresented transcriptome that

distinguishes the eccrine placode and is associated with its

identity.

Identification of an eccrine-associated dermal lineage
Skin-specific disruption of En1 not only depletes eccrine-associ-

ated epidermal populations but also results in dramatic depletion

of En1-cKO nuclei from primary cluster 20, which is of dermal

rather than epidermal origin (Figures 1D and 3A). Nuclei from

cluster 20 account for 1.99% and 0.08% of Control and

En1-cKO dermal populations, respectively (Figure 3B). S100a4

is the top marker gene that differentiates cluster 20 from all other

dermal populations (Figures 3C and S2D; Data S1C). Using in

situ hybridization, we find that S100a4 is specifically expressed

in PDGFRA-positive dermal fibroblasts immediately surrounding

the nascent-stage eccrine glands in the footpads of P2.5 wild-

type mice (Figure 3D). This pattern is recapitulated by Tnc,

another top marker of cluster 20 (Figures S4A, S4B, and S2D;

Data S1C). The presence of a dermal sheath around nascent-

stage eccrine glands of mice was previously observed histolog-

ically by Cui and colleagues.10 Consistent with the specific asso-

ciation of the cluster 20 transcriptional signature with dermal

cells that surround the nascent glands, we find that S100a4

expression is lost in the footpads of En1-cKO mice at P2.5

(Figure 3E).

Intriguingly, we also observe S100a4 expression specifically in

the PDGFRA-positive dermal cells directly beneath eccrine plac-
(F) In situ hybridization for S100a4 (purple) in sagittal sections of wild-type FVB/N

shown by in situ hybridization on adjacent sections. Immunofluorescence staining

keratinocytes. All images shown are from adjacent serial sections. Arrows indica

(G) Representative images of in situ hybridization for S100a4 (purple) and En1 (pur

(H&E) staining of adjacent serial sections of control (En1flox/flox) and En1-cKO (te

placodes in the interfootpad region. Arrowheads indicate the hair placode and un

(H) Fluorescence image of a representative sagittal section through the footpad

tamoxifen at E15.5, around the time of placode formation in the footpads. S100a4

(cyan) marks dermal fibroblasts and KRT14 (magenta) marks basal keratinocytes

(I) Fluorescence image of a representative sagittal section through the interfoot

mTmG/+ mouse at P22 that was given tamoxifen at P1.5 and P2.5, correspondin

cells are shown in yellow. Immunofluorescence staining for KRT14 (cyan) marks

bars represent 50 mm (A–I).
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odes, which exhibit characteristic En1 upregulation (Figures 3F

and 3G). These S100a4-positive dermal cells are not morpholog-

ically distinct from the surrounding mesenchyme, consistent

with previous reports that developing eccrine glands are never

found in association with the dermal aggregates characteristic

of the other major ectodermal appendages such as the hair fol-

licle (Figure 3G).8,10,28 We find that the upregulation of S100a4 in

the eccrine placode-associated dermis is also dependent on

epidermal En1 since En1-cKO volar skin lacks dermal foci of

S100a4 including under the hair follicle placodes that populate

the interfootpad space of this genotype (Figure 3G). By contrast,

S100a4 expression is retained in the ventral foot tendons of En1-

cKOmice, indicating that its absence in the En1-cKO volar skin is

specific to this context (Figure S4C). Lineage tracing of the

S100a4-expressing dermal cells under the eccrine placode re-

veals that that the descendants of these cells not only give rise

to the nascent gland-associated dermal cells captured in cluster

20 but also to descendants that surround the mature eccrine

gland (Figures 3H and 3I). We therefore conclude that epidermal

En1 expression is required for the induction of a single, eccrine-

associated, dermal lineage.

Eccrine-associated dermal lineage is conserved to
humans
En1 expression in the limb ectoderm initiates well before the

onset of eccrine gland formation in this tissue and persists in

the adult, after development is completed32,35,47 (Figure 4A, bot-

tom). In contrast, we find that S100a4 expression in the dermis

proximal to the eccrine glands is restricted to the developmental

period during which the epidermis is actively forming these ap-

pendages (Figure 4A, top). Accordingly, we find no evidence of

S100a4 expression either prior to eccrine placode formation or

around the mature eccrine glands of adult mice (Figure 4A and

S4D). This pattern is recapitulated in human skin, in which we

observe S100a4 expression in the dermal fibroblasts associated

with eccrine placodes and nascent glands (120 gestational days,

plantar foot skin; Figure 4B) but not in the dermal cells proximal

to the mature gland (64 years old, cheek skin; Figure 4C). Thus,

the eccrine-associated dermal lineage appears in conjunction

with the activation of the En1-dependent epidermal eccrine

developmental program in both mice and humans and un-

dergoes progressive changes in gene expression over the

course of eccrine gland formation. Collectively, these data impli-

cate an evolutionarily conserved and transcriptionally distinct

dermal lineage that is specifically associatedwith developing ec-

crine glands.
interfootpad skin containing eccrine placodes at P2.5. En1 expression (purple)

for PDGFRA (cyan) marks dermal fibroblasts and KRT14 (yellow) marks basal

te eccrine placodes.

ple) along with EDAR immunofluorescence (yellow) and hematoxylin and eosin

tO-Cre; Krt5rtTA/+; En1f/f) interfootpad skin at P2.5. Arrows indicate eccrine

derlying dermal condensate in the interfootpad region of En1-cKO volar skin.

of a S100a4-CreERT2/+; ROSA-tdTomato/+ mouse at P2.5 that was given

-lineage cells are shown in yellow. Immunofluorescence staining for PDGFRA

.

pad region and mature eccrine gland of an adult S100a4-CreERT2/+;ROSA-

g to the stage of placode formation in the interfootpad space. S100a4-lineage

basal keratinocytes and nuclei are counterstained with DAPI (magenta). Scale
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Figure 4. Evolutionary conservation of ec-

crine-associated dermal population

(A) In situ hybridization for S100a4 (top, purple) and

En1 (bottom, purple) in volar skin at distinct stages

of eccrine gland development: pre appendage

(E15.5; footpad); eccrine placode (P2.5; inter-

footpad); nascent eccrine gland (P2.5; footpad);

coiling eccrine gland (P7; footpad); mature eccrine

gland (P28; footpad).

(B) RNAscope for S100a4 (yellow) and immunoflu-

orescence for KRT14 (cyan) in developing human

plantar skin sections (120 gestational days) con-

taining eccrine placodes (top) and nascent eccrine

glands (bottom).

(C) RNAscope for S100a4 (yellow) and immunoflu-

orescence for KRT14 (cyan) in adult human cheek

skin sections (64 years). Top image shows the apical

portion of a mature eccrine gland including the ac-

rosyringium and part of the duct, and bottom image

shows the secretory coil from the same gland.

Nuclei are counterstained with DAPI (magenta) in

fluorescence images (B and C). All scale bars

represent 50 mm (A–C).
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An En1-dependent eccrine niche (EDEN) is required for
eccrine gland development
In light of finding that the En1-dependent dermal populations

derive from a single lineage, and the specific association of

these populations with developing eccrine glands in the

epidermis, we interrogated the snRNA-seq data for evidence

of signaling between the epidermal and dermal nuclei from

Control samples. We first performed subclustering (Derm0-

Derm11) and lineage pseudotime inference on all dermal

nuclei to resolve putative developmental relationships within

the broader dermal dataset (Figures 5A and 5B). We identify

an inferred dermal lineage that terminates in subcluster

Derm10, which corresponds to the validated, nascent-gland-

associated, dermal population represented in cluster 20

from the original analysis (Figures 3A and 5B). This lineage

originates in Derm3 and successively progresses through

Derm6, Derm9, and Derm2, before terminating in Derm10

(Figure 5B).

Having identified the subset of dermal nuclei that constitute

the putative eccrine-associated dermal lineage, we performed

cell-cell interaction modeling between this subset of dermal

clusters and those which make up the validated eccrine

epidermal lineage (Epi0, Epi3, Epi5, and Epi8; Figure 2G) using
Develo
CellChat.48 We detect 185 significant re-

ceptor-ligand pairs from 32 pathways

among the eccrine-associated dermal

and epidermal subclusters (p < 0.05; Fig-

ure 5C, S5A, and S5B; Data S2). Of these,

we identify 52 significant receptor-ligand

interactions from 14 pathways that employ

secreted signaling factors, including the

WNT, BMP, TGFBeta, and non-canonical

WNT (ncWNT) pathways (Figures S5A

and S5B; Data S2). We identify receptor-

ligand pairings consistent with bidirectional

crosstalk between the lineages, with the
epidermal lineage signaling to the dermal lineage and vice versa

(Figures 5C, S5A, and S5B). Moreover, we find that the signals

mediating these interactions change over developmental time

(Figures 5C, S5A, and S5B).

The signaling interactions predicted from the snRNA-seq

expression data suggest that the dermal and epidermal eccrine

lineages engage in reciprocal crosstalk over the course of ec-

crine development. This finding is intriguing given thewell-estab-

lished importance of dermal-ectodermal interactions for the

developmental progression of other major ectodermal append-

ages, such as the hair follicle andmammary gland.8 Accordingly,

we tested whether the En1-dependent dermal population is

required for eccrine gland formation. For this purpose, we

made use of the specific expression of S100a4 in the mouse

volar dermis to mark this population (Figures 3C–3G and 4A;

Data S1C).

Using an inducible genetic system, we ablated S100a4-ex-

pressing cells at the onset of eccrine gland development using

targeted expression of diphtheria toxin subunit alpha (DTA) and

assessed eccrine gland density in the volar skin of Control

(S100a4-CreERT2/+;DTA/+ or DTA/DTA) as compared with

Ablated (S100a4-CreERT2/+;DTA/DTA or S100a4-CreERT2/

S100a4-CreERT2;DTA/DTA) mice.49 Timed pregnant females
pmental Cell 59, 20–32, January 8, 2024 27
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Figure 5. An En1-dependent eccrine niche (EDEN) is required for eccrine gland development

(A) UMAP projection of subclustered dermal nuclei colored by subcluster identity (merged Control and En1-cKO conditions).

(B) Results of slingshot trajectory inference mapped onto the subclustered dermal UMAP embedding that depicts an inferred lineage through dermal subclusters

0, 3, 6, 9, 2, and 10. Points representing nuclei are colored according pseudotime; nuclei not involved in this lineage are colored gray.

(C) Summary chord diagram representing all significant signaling interactions between the dermal and epidermal lineage clusters inferred by CellChat (p < 0.05).

Clusters are ordered around the circle based on their position in the inferred lineage.

(D) Experimental scheme for genetic ablation of En1-dependent dermal population during eccrine gland development.

(E) Representative images of in situ hybridization for S100a4 and En1 from adjacent serial sections of an Ablated sample (S100a4-CreERT2/+;DTA/DTA)

compared with a littermate Control (DTA/DTA).

(F) Quantification of nascent eccrine gland density in the hindlimb footpads of Ablated (n = 6 mice) and Control (n = 5 mice) mice. Each dot represents the density

of eccrine glands in an individual mouse, and one foot was analyzed per mouse. Eccrine gland number for eachmouse was normalized to the number of sections

scored for the analyzed foot. Cross bars represent sample medians. Significance was assessed by a Mann-Whitney U test (*p = 0.0284; Z = 2.1909; r = 0.66). All

scale bars represent 50 mm.
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were dosed with tamoxifen to induce Cre activation at E14.5 and

E15.5 to specifically ablate S100a4-expressing cells around the

time of footpad eccrine placode formation.9,11,12 At E19.5, when

footpad eccrine glands are at the nascent stage, we quantified

eccrine gland density in the footpads of Control and Ablated

mice (Figure 5D).11 This endpoint was selected due to dystocia

in the dams, which necessitated endpoint cesarean section to

deliver pups for analysis.

We observe a deficit of S100a4 positive cells in the footpads

of Ablated genotypes as compared with Controls (Figure 5E).

Notably, En1 expression persists in both Control and Ablated

groups (Figure 5E). The impact of depleting the S100a4 ex-

pressing dermal cells on eccrine gland development is strik-

ing. We find that eccrine gland density is on average 45%

lower in Ablated compared with Control animals (Wilcoxon-

Mann-Whitney test: p = 0.0284, Z = 2.1909, r = 0.66; Control:

n = 5, Ablated: n = 6) (Figures 5E and 5F). Importantly, eccrine

glands still present in Ablated animals retained normal S100a4

expression around the gland, indicating that the population

was not effectively depleted in these regions (Figure S5C).

Taken together, our findings identify an En1-dependent ec-
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crine niche (EDEN) in the dermis, direct proximity to which is

required for eccrine gland development in the epidermis to

proceed (Figure 6A).

DISCUSSION

In ‘‘The Variation of Animals and Plants Under Domestication,’’

Charles Darwin describes a family in Sindh (in present-day

Pakistan) ‘‘in which ten men.were furnished, in the course of

four generations.with only four small and weak incisor teeth

and with eight posterior molars.have very little hair on the

body, and. suffer much during hot weather from excessive dry-

ness of the skin50’’. One of the earliest formal accounts to sug-

gest an underlying link between the formation of the group of or-

gans we call ectodermal appendages, Darwin’s description also

aptly captures the importance of eccrine glands in human phys-

iology. More than 150 years later, our study uncovers a blueprint

for eccrine gland development and identifies transcriptional and

cellular transitions at which the ectodermal appendage develop-

mental paradigm diverges to build these essential organs

(Figure 6A).



A Figure 6. Transcriptional and cellular identi-

fiers of eccrine gland development

(A) Model of eccrine gland development incorpo-

rating findings reported in this study. Eccrine gland

development coordinates a progressive shift in the

epidermal transcriptome from one that is predomi-

nantly shared with hair follicles, to one that is

specialized and eccrine-specific, and requires the

Engrailed 1-dependent eccrine niche (EDEN; pri-

mary niche and its derivative lineage are in pink)

within the adjacent dermis. Epidermis is in blue, and

dermis exclusive of EDEN is shown in yellow. Pre-

and inter-appendage basal keratinocytes are light

blue, suprabasal keratinocytes are cyan, and ec-

crine cells are dark blue. Dermal cells are dark

yellow.
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Duality and temporal transitions in the eccrine gland
epidermal program during development
We find that the upregulation of epidermal En1 is necessary for a

transcriptional signature that distinguishes the eccrine placode

from that of the hair follicle. That this signature includes upregu-

lation of the Wnt inhibitor Dkk4 is intriguing since previous

studies have postulated that differences in the levels of canonical

Wnt signaling determine the fate of ectodermal appendage plac-

odes, with hair placodes proposed to require the highest level of

Wnt signaling among the different appendage types.12,44,51,52

We find that the restricted upregulation of Dkk4 to the eccrine

placode is associated with the formation of more eccrine glands

in mice (Figures 2K and 2L). This suggests that spatial as well as

quantitative parameters are integrated into the transcriptomic

signature of the eccrine placode. Consistent with this, pla-

code-specific Dkk4 expression is critical for the reaction diffu-

sion mechanism regulating the formation of skin appendages

and disruption of this pattern through ectopic expression of

this gene throughout the basal epidermis was reported to reduce

eccrine gland density.10,44 Resolving the functional importance

of patterned Dkk4 upregulation and of the other En1-dependent

transcriptional changes, we identified will set the stage for un-

covering the intrinsic program that confers eccrine identity in

the epidermis.

The relative paucity of the specialized eccrine transcriptome

as comparedwith the bulk of placodal transcripts that are shared

between eccrine gland and hair follicle progenitors during early

development contrasts with the expression profile of later

stages. Our data indicate that as development proceeds, differ-

entiation of the eccrine cell types is coupled with a concomitant

shift in the balance of the eccrine transcriptome toward a more

specialized and distinctive expression profile (Figure 6A).

The extensive overlap we find in the transcriptome of hair

and eccrine placodes may help to explain why previous

efforts have also identified a largely shared set of signals in the

early development of ectodermal appendages, irrespective of

type.8,10,12,14,53,54 In particular, the relative dearth of eccrine pla-

code-enriched transcripts as compared with the far greater pool

of those that are generalized across hair and eccrine types

has intriguing implications for the character of the elusive, first

dermal signal that triggers appendage fate and forma-

tion.12,42,55,56 Our observations raise the possibility that the first

inductive signal from the dermis, which initiates eccrine develop-

ment, is also dualistic in nature. Given the relative proportions of
the two classes of placodal transcripts captured in our study, the

eccrine dermal signals may show a similar skew. This would in

turn reduce the power to detect the specialized dermal inducers

within the context of the greater proportion of those that are

generalized across the different appendage types. The identifi-

cation of the subset of transcripts that are differentially enriched

in eccrine versus hair follicle placodes provides a directedmeans

to parse out the precise composition of these upstream signals

from the dermis.

EDEN—A dermal niche for eccrine development
We find that the progression of the epidermal program in the ec-

crine placode requires the presence of EDEN, a dermal niche for

eccrine glands (Figure 6A). Importantly, our data suggest that

EDEN is not the source of the first dermal inductive signal that ini-

tiates placode formation. That the transcriptional identity of

EDEN depends on the upregulation of ectodermal En1, and

that EDEN is found in association with eccrine gland epidermal

anlagen, but not other En1-expressing cells, suggests that

EDEN is analogous to the dermal condensations that form in

response to the placodes of other major appendages such as

teeth and hair follicles.8 Future experiments to distinguish be-

tween the roles of En1 in the placode as opposed to the inter-

appendage epidermis in the induction of EDENwill help to clarify

this. A starting point for these investigations and for functional

dissection of the signals mediating interactions between the

developing eccrine glands and the niche are the candidate fac-

tors identified in this study. It is also important to understand

whether the EDEN lineage is required for eccrine development

and homeostasis beyond the placode stage in order to establish

its closest functional homology to the niches of other append-

ages. This is because while the hair follicle dermal condensate

(and its derivative the dermal papilla) is persistently required,

the densemesenchyme that directs earlymammary gland devel-

opment is transient and its role supplanted by the fat pad during

the later stages of mammogenesis.8,53

Irrespective of the precise source in the epidermis, our data

demonstrate that a cell-autonomous transcriptional repressor,

EN1, which is expressed in the basal epidermis, is required to

induce a distinct cellular identity in the underlying dermal

compartment. There is precedence for this, as evidenced by

the early and the separable role of ectodermal En1 in maintaining

the identity of the ventral limb bud by inhibiting mesenchymal

Lmx1b expression.19,32,57 In this context, En1 acts by inhibiting
Developmental Cell 59, 20–32, January 8, 2024 29
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Wnt7a in the ventral limb ectoderm.57 Having identified a pool of

En1-dependent transcripts in the eccrine placode and in the skin

basal epidermis, our findings make it possible to determine

whether En1 effects are mediated by similar or entirely indepen-

dent effectors in ectodermal appendage development. Future

studies to interrogate the function of these EN1 targets are

also important to understand and distinguish between EN1’s

roles in specifying the dermal niche, and in directly acting on

the epidermal populations that make up the gland itself.

Intriguingly, we find that despite the continued expression of

En1 in adult basal keratinocytes in the eccrine-forming regions

and in the mature eccrine glands themselves, the expression

of S100a4, which specifically marks the EDEN lineage

throughout the eccrine developmental period, does not persist

in its descendants around the mature eccrine glands of either

mice or humans.35,58 This suggests that the dermal niche, at

least as it exists during development, may not be retained

once eccrine gland formation is completed and may help to

explain why eccrine glands exhibit limited ability to regenerate.9

Previous studies have demonstrated the existence of several,

unipotent stem cell populations within the mature eccrine gland,

in the duct and the secretory coils, respectively.9 In response to

injury, these stem cells can only be mobilized to repair their

respective lineages, but not the whole gland.9 Comparing the

functional properties of EDEN lineage cells and the significance

of gene expression changes therein during eccrine gland devel-

opment and homeostasis may help to resolve the contribution of

extrinsic factors to this regenerative limitation.

Notably, the hair follicle dermal niche is not only necessary for

the regeneration of the hair follicle but is also sufficient to induce

epithelial cells to form de novo hair follicles, even in adult-

hood.59,60 It is intriguing to speculate that EDEN may have com-

parable properties with respect to inducing de novo eccrine

gland formation. Understanding whether the molecular effectors

of EDEN demonstrate such eccrine-inducing capabilities has the

potential to seed efforts to repair wounds and burns with skin re-

generates that contain eccrine glands. Coupled with the capture

of an eccrine epidermal transcriptome during development, the

identification of EDEN not only addresses the long-standing

developmental question of how the dermal and epidermal skin

compartments of mammalian skin are differentially mobilized

to build eccrine glands but also sets the stage for meeting a crit-

ical need in human regenerative medicine.

Limitations of the study
Our study analyzes the nuclear transcriptome, which represents

a fraction of the total transcriptome of the cell. Therefore, there

may be additional differential transcripts that are not captured

by our study. Despite this, the validations we performed indicate

our findings from the nuclear transcriptome are biologically rele-

vant and are representative of the heterogeneity in developing

eccrine glands.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-CK14 (1:10,000) BioLegends Cat # 905303; RRID: AB_2734678

Chick polyclonal anti-GFP (1:1000) Abcam Cat# ab13970; RRID: AB_300798

Goat polyclonal anti-EDAR (1:100) R&D Systems Cat# AF745; RRID: AB_355565

Goat polyclonal anti-PDGFRA (1:100) R&D Systems Cat# AF1062; RRID: AB_2236897

Goat polyclonal anti-chicken AF-488 (1:500) Invitrogen Cat#A-11039; RRID: AB_2434096

Donkey anti-goat AF-488 (1:200) Abcam Cat# ab150129; RRID: AB_2687506

Donkey anti-rabbit AF-594 (1:250) Jackson ImmunoResearch Cat# 711-585-152; RRID: AB_2340621

Donkey anti-rabbit AF-647 (1:250) Jackson ImmunoResearch Cat# 711-605-152; RRID: AB_2492288

Biological samples

120 gestational days human plantar foot skin Birth Defects Research Laboratory,

University of Washington

(UBMTA: 48286A)

N/A

64 year old human cheek skin Skin Biology and Disease

Resource Center,

University of Pennsylvania

N/A

Chemicals, peptides, and recombinant proteins

Nile Blue A Sigma-Aldrich Cat# N5632

Oil Red O Sigma-Aldrich Cat# O0625

Dispase II Sigma-Aldrich Cat# D4693

4’,6-Diamidino-2-phenylindole Sigma-Aldrich Cat# D9542

Critical commercial assays

NextSeq 500/550 75-cycle High Output v2.5 kit Illumina Cat# 20024906

Advantage� UltraPure PCR Deoxynucleotide

Mix (10 mM each dNTP)

Clontech Cat# 639125

Exonuclease I NEB Cat# M0293L

NxGen� RNAse Inhibitor Lucigen Cat# 30281-2

Maxima H Minus Reverse Transcriptase (200 U/mL) Life Technologies Cat# EP0753

KAPA Hifi HotStart ReadyMix KAPA BioSystems Cat# KK2602

Barcoded Bead SeqB ChemGenes Cat# MACOSKO-2011

Nextera� XT DNA Sample Preparation

Kit (96 Samples)

Illumina Cat# FC-131-1096

Nextera� XT Index Kit (24 indexes, 96 samples) Illumina Cat# FC-131-1001

Agilent High Sensitivity DNA Kit Agilent Technologies Cat# 5067-4626

Exonuclease I NEB Cat# M0293L

QX200� Droplet Generation Oil for EvaGreen Bio-Rad Cat# 1864006

N-Lauroylsarcosine sodium salt solution Sigma-Aldrich Cat# L7414-50ML

1H,1H,2H,2H-Perfluoro-1-octanol Sigma-Aldrich Cat# 370533-25G

SPRIselect reagent Beckman Coulter Cat# B23318

Fluorescent microspheres Bangs Labs Cat# FC06F

RNAscope 2.5 HD-RED assay kit ACD Bio Cat# 322350

human S100A4 RNAscope probe ACD Bio Cat# 422071

human PPIB RNAscope probe ACB Bio Cat# 313901

DapB negative control RNAscope probe ACD Bio Cat# 310043

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and processed snRNA-seq data This paper GEO: GSE220977

Experimental models: Organisms/strains

Mouse: tetO-Cre: Tg(tetO-cre)1Jaw/J The Jackson Laboratory; Perl et al.37 RRID: ISMR_JAX:006224

Mouse: Krt5-rtTA: Tg(KRT5-rtTA)T2D6Sgkd/J Laboratory of Dr. Sarah Millar (Icahn School

of Medicine at Mt. Sinai); Diamond et al.21
RRID: ISMR_JAX:017519

Mouse: En1flox: En1tm8.1Alj/J Laboratory of Dr. Alexandra Joyner (Memorial

Sloan Kettering Cancer Center); Sgaier et al.27
RRID: ISMR_JAX:007918

Mouse: Lgr6-eGFP: Lgr6tm2.1(cre/ERT2)Cle/J Laboratory of Dr. Pantelis Rompolas (University

of Pennsylvania); Snippert et al.62
RRID: ISMR_JAX:016934

Mouse: S100a4-CreERT2: S100a4-T2A(CreERT2) Dr. Mayumi Ito (New York University) N/A

Mouse: ROSA-DTA: Gt(ROSA)26Sortm1(DTA)Lky/J The Jackson Laboratory; Voehringer et al.49 RRID: ISMR_JAX:009669

Mouse: mTmG: Gt(ROSA)

26Sortm4(ACTB-tdTomato,-EGFP)Luo/J

Laboratory of Dr. George Cotsarelis

(University of Pennsylvania);

Muzumdar et al.64

RRID: IMSR_JAX:007576

Mouse: ROSA-tdTomato:

Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J

Laboratory of Dr. Pantelis Rompolas

(University of Pennsylvania);

Madisen et al.63

RRID: IMSR_JAX:007914

Oligonucleotides

Primers for amplifying cDNA to make in situ

hybridization probes, see Table S4

This paper N/A

Primers for mice, see Table S4 This paper N/A

Primers for qRT-PCR, see Table S4 This paper N/A

Software and algorithms

FIJI Schindelin et al.65 (https://doi.org/

10.1038/nmeth.2019)

N/A

Drop-seq Tools v1.12 Macosko et al.66 (https://doi.org/

10.1016/j.cell.2015.05.002)

N/A

Seurat v4.0.2 Hao et al.67 (https://doi.org/10.1016/

j.cell.2021.04.048)

N/A

Harmony Korsunsky et al.25 (https://doi.org/

10.1038/s41592-019-0619-0)

N/A

Slingshot Street et al.70 (https://doi.org/10.1186/

s12864-018-4772-0)

N/A

DESeq2 Love et al.69 (https://doi.org/10.1186/

s13059-014-0550-8)

N/A

ClusterProfiler Wu et al.68 (https://doi.org/10.1016/

j.xinn.2021.100141)

N/A

CellChat Jin et al.48 (https://doi.org/10.1038/

s41467-021-21246-9)

N/A

Other

Leica M680 microscope Leica N/A

Leica IC90E camera Leica N/A

Leica DM5500B microscope Leica N/A

Leica DFC 500 camera Leica N/A

Leica DFC 360X camera Leica N/A

Qubit 3.0 Invitrogen N/A

Applied Biosystems QuantStudio

7 Flex real-time PCR machine

ThermoFisher Scientific REF# 4485701

Bioanalyzer Agilent N/A

Illumina NextSeq 500 Illumina N/A

(Continued on next page)
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Dox Diet, Grain-Based, Doxycycline

(6 gm/kg), Green, 1/2’’ Pellets

Gamma irradiated

Bio-Serv Cat# S4096

PDMS co-flow microfluidic

droplet generation device

uFluidix N/A
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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 corresponding author,

Yana G. Kamberov (yana2@pennmedicine.upenn.edu).

Materials availability
This study did not generate new, unique reagents.

Data and code availability
Raw and processed snRNA-seq data files have been deposited in NCBI’s the Gene Expression Omnibus61 and are accessible

through GEO Series accession number GSE220977 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE220977). Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Tg(tetO-cre)1Jaw/J (tetO-Cre)32 and Gt(ROSA)26Sortm1(DTA)Lky/J (ROSA-DTA)48 mice were purchased from the Jackson Labora-

tory. Tg(KRT5-rtTA)T2D6Sgkd/J (Krt5-rtTA)33 mice were provided by Dr. Sarah Millar (Icahn School of Medicine at Mount Sinai),

En1tm8.1Alj/J (En1flox)31 mice were provided by Dr. Alexandra Joyner (Memorial Sloan Kettering Cancer Center) and

Lgr6tm2.1(cre/ERT2)Cle/J (Lgr6-eGFP)62 and Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (ROSA-tdTomato)63 mice were provided by

Dr. Pantelis Rompolas (University of Pennsylvania). S100a4-CreERT2 mice were generated by Dr. Mayumi Ito (New York Uni-

versity) and provided under material transfer agreement. Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J (mTmG)64 mice

were provided by Dr. George Cotsarelis (University of Pennsylvania). En1flox, Krt5-rtTA, and tetO-Cre mice were maintained

on an FVB/N background (Charles River Laboratories) for more than 10 generations. ROSA-DTA mice were maintained on a

C57BL/6J background (Jackson Laboratory) until they were bred to S100a4-CreERT2 mice, which were maintained on a mixed

genetic background. Lgr6-eGFP mice were also maintained on a mixed genetic background. FVB/N and C57BL/6N wild-type

mice were obtained from Charles River Laboratories and Taconic Biosciences, respectively. Both males and females were

used for all experiments in this study.

For inducible En1 conditional knock-out (En1-cKO) experiments, male mice harboring the tetO-Cre, Krt5-rtTA, and homozygous

En1flox alleles were mated to females homozygous for En1flox and carrying the Krt5-rtTA allele. Timed pregnant dams were contin-

uously administered a doxycycline dosed diet (6 g/kg) ad libidum beginning at E16.5. Offspring were euthanized at either P2.5 or P28

via decapitation or CO2 inhalation, respectively.

For embryonically induced S100a4 lineage tracing experiments, male S100a4-CreERT2/+ mice were mated to ROSA-tdTomato

homozygous females. Timed pregnant females were dosed with tamoxifen in corn oil via oral gavage (3 mg/kg) at E15.5 and pups

were euthanized at P2.5 for volar hindpaw collection. For perinatally induced S100a4 lineage tracing, male S100a4-

CreERT2/+;mTmG/+ mice were mated to mTmG/+ or mTmG/mTmG females and pups were dosed orally with tamoxifen dissolved

in corn oil (10ml of 50mg/ml stock) at P1.5 and P2.5, coinciding with placode stage of IFP eccrine glands in the volar skin, and volar

skin from the forelimb and hindlimb was harvested at P22.

For S100a4+ cell ablation experiments, malemice harboring at least one copy of the S100a4-CreERT2 andROSA-DTA alleles were

mated to females either homozygous for ROSA-DTA or heterozygous for both S100a4-CreERT2 and ROSA-DTA. Timed pregnant

females were dosed with tamoxifen in corn oil via oral gavage (3 mg/kg) at both E14.5 and E15.5. Pregnant dams were euthanized

at E19.5 (developmental equivalent of P0) and pups were harvested via endpoint caesarean section due to dystocia in the dams.

All mice used in this study were housed on a 12h light/dark cycle in a University Laboratory Animal Resources (ULAR) managed

vivarium at the Perelman School of Medicine (PSOM). All procedures were performed in accordance with guidelines established by

the National Institutes of Health and have been approved by the University of Pennsylvania PSOM Institutional Animal Care and Use

Committee (protocol # 806105). Mice were housed under standard laboratory conditions and received food and water ad libitum.
Developmental Cell 59, 20–32.e1–e6, January 8, 2024 e3
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Human tissue
Specimens from fetal (120 gestational days) human plantar foot skin were obtained from the Birth Defects Research Laboratory at the

University of Washington (Uniform Biological Material Transfer Agreement #48286A) with ethics board approval andmaternal written

consent. Deidentified samples from adult human cheek skin (64 years old) were obtained from the Skin Biology and Disease

Resource Center at the University of Pennsylvania with ethics board approval and written consent. This study was performed in

accordance with ethical and legal guidelines of the University of Pennsylvania institutional review board.

METHOD DETAILS

Quantification of appendages in adult volar skin
Quantification of eccrine glands and hair follicles at P28 was performed in whole mount preparations of hindlimb volar skin as pre-

viously described.16 Briefly, the epidermis was separated from the underlying dermis by dispase digestion and fixedwith 10%neutral

buffered formalin. Hair follicle-associated sebaceous glands were stained with Oil Red O and appendages (eccrine glands and hair

follicles) were stained with Nile Blue, and whole mounts were imaged on a Leica M680 dissection scope fitted with a Leica IC90E

camera. All data reported in this manuscript represents the average counts from the right and left hindlimb volar skin of an individual

mouse.

Isolation and purification of nuclei for snRNA-seq
En1-cKO and Control pups were euthanized at P2.5 and volar hindlimb skin (right and left) was rapidly dissected on ice and snap

frozen on dry ice and stored at -80�C until nuclear isolation. Single nuclear suspensions were generated from the pooled volar hin-

dlimb skin (right and left) from 5 mice of the same genotype, for a total of 10 pooled volar skins, as previously described with some

modifications.23 Pooled samples were dissociated in homogenization buffer using a Polytron homogenizer (Kinematica Inc.) followed

by dounce homogenization (20 times with loose pestle; 10 times with tight pestle). Suspensions were filtered to remove debris and

single nuclear suspensions were quantified via hemocytometer after staining with Trypan Blue, which stains all nuclei. For P2.5 volar

skin, we obtained R 2.1x105 nuclei/ml for each sample. Sucrose gradient centrifugation was not performed on single nuclear sus-

pensions. Biological replicates were prepared and sequenced in two separate batches; one replicate of each genotype (En1-cKO:

tetO-Cre/+; Krt5-rtTA/+; En1flox/flox; Control: En1flox/flox, Krt5-rtTA/+; En1flox/flox) was processed and sequenced in the same batch to

avoid autocorrelation of condition and batch effects.

snRNA-seq library preparation and sequencing
Single nuclei were co-encapsulated with barcoded beads (ChemGenes) and reverse transcription was performed as previously

described.23 Optimal PCR cycle number for library amplification was determined via qPCR using 6,000 beads, cDNAwas tagmented,

and libraries were further amplified as previously described.23 cDNA libraries were quantified via Qubit 3.0 (Invitrogen) and library

quality was determined via Bioanalyzer (Agilent) prior to sequencing on an Illumina NextSeq 500 using the 75-cycle High Output

v2 kit (Illumina). In total, six neonatal volar skin snRNA-seq libraries were sequenced in four sequencing runs. See open access

snRNA-seq protocol for more details: https://www.protocols.io/view/snucdrop-seq-protocol-n2bvjr36plk5/v2.23

In situ hybridization, immunofluorescence, RNAscope, and imaging
Volar skin was fixed in 4%PFA, cryoprotected using sucrose, and embedded in OCT (Tissue Tek) for cryo-sectioning at a thickness of

10-12 mm. Sections were collected in 3-4 series for staining of adjacent sections. In situ hybridization was performed as previously

described19 with custom anti-sense DIG-labeled riboprobes transcribed in vitro (Roche) from amplified cDNA (see Key Resources

Table for primers). Immunofluorescence was performed for KRT14 (1:10,000, BioLegend 905303), EDAR (1:100, R&D Systems

AF745), PDGFRA (1:100, R&D Systems AF1062), and GFP (1:1000, Abcam ab13970) after blocking tissue in PBT (0.2% Triton-

X100 in PBS) with 10% serum. Secondary detection was performed with antibodies conjugated to Alexa Fluor488 (Invitrogen

A-11039 or Abcam ab150129), Alexa Fluor594 (Jackson ImmunoResearch 711-585-152), or Alexa Fluor647 (Jackson

ImmunoResearch 711-605-152) and samples were counterstained with 406-diamidino-2-phenylindole (DAPI, Sigma D9542).

FFPE adult and fetal human tissue was processed and sectioned by SBDRC Core A. RNAscope was performed on 5 mm paraffin

sections after standard target retrieval for S100A4 (ACDBio #422071), PPIB (positive control; ACDBio #313901), andDapB (negative

control; ACD Bio #310043) using an RNAscope 2.5 HD-RED assay kit (ACD Bio #322350). Subsequently, immunofluorescence for

KRT14 was performed as described above and samples were counterstained with DAPI.

Samples were imaged on a Leica DM5500B microscope equipped with Leica DFC 500 (bright field) and Leica DFC 360X (fluores-

cence) cameras. Images were processed using FIJI software.65

Scoring of footpad eccrine glands at E19.5
S100a4 Ablated and Control samples were harvested as described above and whole hindlimbs were cryo-sectioned at 10 mm and

three adjacent series of sections were collected. The first series was stained with hematoxylin and eosin (H&E, Sigma Aldrich) for

scoring. The second and third series were used for in situ hybridization for En1 and S100a4, respectively, to confirm efficient ablation
e4 Developmental Cell 59, 20–32.e1–e6, January 8, 2024
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of S100a4+ cells. Scoring of E19.5 Hematoxylin and eosin-stained sections was performed by counting all nascent eccrine glands in

the footpads throughout the entire series of sections. Eccrine counts were then normalized to the number of sections scored to yield

an eccrine density estimate.

RNA extraction and qRT-PCR
FVB/N and C57BL6/N neonatal pups were euthanized at P2.5 and volar hindpaw skin was harvested and snap frozen as described

above. Biological replicates are comprised of left and right hindpaw skin pooled from 3 mice. Pooled skin samples were dissociated

using a Polytron homogenizer and total RNA was isolated using TRIzol (Life Technologies) extraction followed by clean up and on-

column DNase I treatment using a RNeasy Mini Kit (Qiagen). cDNA was reverse transcribed using SuperScript III (Thermo Fisher)

following the manufacturer’s instructions. qRT-PCR was performed in biological triplicate and technical quadruplicate using Power

SYBR PCR master mix (Thermo Fisher) for Dkk4 and En1. Rpl13a served as a reference gene for normalizing Ct values. Each data

point reported in Figure 2L represents themean of technical replicates for a sample. Primers used for qRT-PCR are found in Table S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

snRNA-seq data pre-processing
Paired-end snRNA-seq reads were processed using publicly available the Drop-seq Tools v1.12 software66 with modifications

described previously.23 A digital expression matrix was generated by assembling a list of UMIs in each gene (as rows) within

each cell (as columns), and UMIs within ED = 1 were merged.

snRNA-seq cluster identification and marker gene analysis
Digital expression matrices for each sample were loaded into Seurat v4.0.267 andmerged. UMI counts were normalized by scaling by

library size, multiplying by 10,000, and transforming to log scale. Genes were filtered out if they were expressed in <10 nuclei and

nuclei were filtered out if they contained a high proportion of UMIs mapped to mitochondrial genes (R0.05), fewer than 300 or

more than 6000 detected genes, resulting in 45,370 nuclei in the final filtered dataset.

Prior to clustering, individual sample datasets were integrated using the Harmony algorithm,25 the top 2000 variable genes were

identified using the FindVariableFeatures function in Seurat with the VST selection method, and expression of these variable genes

was scaled and centered for principal components analysis. Based on the cumulative standard deviations of each principal compo-

nent (PC), visualized by the function ElbowPlot in Seurat, we selected the first 40 PCs for two-dimensional uniform manifold approx-

imation and projection (UMAP) implemented by Seurat RunUMAP with default parameters. Initial clustering on the full dataset (all

nuclei, merged conditions) identified 23 clusters with the resolution parameter for FindClusters set to 0.7. Based on the expression

pattern of well-establishedmarker genes in this dataset, we assigned 25,859 nuclei to dermal cells (�57%of our data), 9,070 nuclei to

epidermal cells (�20% of our data), and 10,441 nuclei to various other cell types (see Figure S2). Differential expression analysis was

performed to identify marker genes for each of these 23 initial clusters using Seurat’s FindAllMarkers function with Wilcoxon test.

Differentially upregulated genes that were expressed in at least 25% of nuclei with a log fold change (LFC) R 0.58 were considered

marker genes (Data S1A). Dermal cluster specific marker genes were identified using the same approach, but with only dermal clus-

ters of nuclei compared to each other (Data S1C).

Subclustering, pseudobulk differential expression, trajectory inference, and CellChat analysis
Nuclei from clusters determined to be epidermal (original clusters 2, 9,10,14, and 15) or dermal (original clusters 0, 1, 3, 4, 5, 8, 11, 20)

were subsetted, the top 2000 variable genes were identified, and PCA was performed as above. The top 40 PCs were selected for

clustering analysis with a resolution of 0.4 for epidermal nuclei and 0.7 for dermal nuclei, leading to the identification of 9 epidermal

subclusters and 11 dermal subclusters. Of these 9 epidermal subclusters, 6 are basal (6,799 nuclei) and 3 of these subclusters are

suprabasal (2,271 nuclei). Marker genes of each subcluster were identified as described above (Data S1B and S1C) and gene

ontology (GO) enrichment analysis was performed on these marker gene lists using the compareCluster function from the Cluster

Profiler R package.68

We performed pseudo-bulk analysis to identify differentially expressed transcripts between Control and En1-cKO placode nuclei

(Epi3). Pseudobulk samples were created using the Seurat function PseudobulkExpression on sample counts for each subcluster

using the aggregate pseudo-bulk method. Differential expression analysis was performed on these pseudo-bulk samples for Epi3

using DESeq269 with a likelihood ratio test. Genes were deemed significantly differentially expressed between Control and

En1-cKO pseudo-bulk samples if p adjusted < 0.01 and LFC R 0.58.

Trajectory inference of the subclustered nuclei was performed using Slingshot70 on either the subsetted epidermal or dermal PCA

reduction (merged conditions). Epi0 was supplied as the starting cluster to the slingshot function for the epidermal trajectory infer-

ence; for dermal trajectory inference, subcluster Derm11 was provided as the end cluster. The inferred lineages were then mapped

onto UMAP embeddings for visualization using the embedCurves Slingshot function. Differential progression analysis was performed

on the epidermal lineage via Kolmogorov-Smirnov test of the lineage pseudotime distributions between Control and En1-cKO nuclei.

CellChat48 was performed on Control nuclei from the dermal and epidermal subclusters that were determined to be involved in the

relevant inferred lineages using the default CellChat mouse database. Average gene expression per cluster was computed using the

‘‘truncatedMean’’ method (trim=0.1) within CellChat’s computeCommunProb function. All significant receptor-ligand interactions
Developmental Cell 59, 20–32.e1–e6, January 8, 2024 e5
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(p < 0.05) identified between any pair of clusters are summarized as a chord diagram (Figure 4C). Complete results are provided as a

supplemental data file (Data S2).

Statistical analysis of phenotypic data and qRT-PCR expression
Statistical parameters, including sample sizes, are reported in figures, figure legends, tables, and/or corresponding results text.

A Kruskal-Wallis test followed by a post-hoc Dunn’s test with Benjamini-Hochberg correction for multiple comparisons was per-

formed on P28 appendage counts for En1-cKO phenotyping (alpha = 0.05). A Mann-Whitney-Wilcoxon test was used for pairwise

comparisons of qRT-PCR data (alpha = 0.05). All statistical analyses were performed in R71.
e6 Developmental Cell 59, 20–32.e1–e6, January 8, 2024
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Figure S1. Appendage counts in Control vs. En1-cKO volar skin split by genotype, related to 
Figure 1 
A) Mating scheme to generate animals, dosing schedule, and time points for analyses performed in 
this study. All En1-cKO and Control mice analyzed in this study were administered doxycycline (DOX) 
starting on embryonic day (E) 16.5, when eccrine placodes first form in the footpads, until day of 
harvest. Volar hindpaw skin was harvested on post-natal day (P) 28 for adult phenotyping. B) 
Representative whole-mount preparations of P28 Control (left) and En1-cKO (right) hindlimb, volar 
skin. All appendages are stained with Nile blue (blue color) and hair follicle-associated sebaceous 
glands are stained with Oil Red O (red color). Footpad 4 is labeled and indicated by a black arrow. 
White dotted line outlines the interfootpad region (IFP). Scale bars in whole-mount images represent 
1mm. Insets show higher magnification images of footpad 4 (FP4; top), and of the interfootpad 
regions (IFP bottom) of Control and En1-cKO skin. Eccrine gland (white arrow). Hair follicle (yellow 
arrowhead). Inset scale bars represent 200 µm. C) Plots of eccrine gland (EG) number in footpad 4 
(FP4) showing samples split according to the specific genotypes that comprise Control and En1-cKO 
groups. D) Quantification of eccrine gland number in the interfootpad (IFP) from Figure 1E with 
samples split by genotypes that comprise Control and En1-cKO groups. E) Quantification of hair 
follicle (HF) number in the interfootpad region from Figure 1F with samples split by genotypes that 
comprise control and En1-cKO groups. Dots in quantification plots (C-D) represent the average of 
counts from left and right volar skin of one mouse, which constitutes a biological replicate. N = 
number of mice. Sample sizes are as follows: En1flox/flox n=17; tetO-Cre/+;En1flox/flox n = 10; Krt5-
rtTA/+;En1flox/flox n = 23; tetO-Cre/+;Krt5-rtTA/+;En1flox/flox n = 10. Letter annotations on all plots (C-D) 
indicate significant pairwise differences found via Kruskal-Wallis followed by Dunn post-hoc testing 
(p<0.05). Groups annotated with the same letter are not significantly different from each other. 
Statistics reported in Tables S1-S3.  
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Figure S2. Clustering details for all nuclei from merged conditions, related to Figure 1, 3, and 
STAR Methods 

A) UMAP projection from main Figure 1D colored by cluster identity. B) Plot of first two principal 
components (top) and UMAP (bottom) of Harmony integrated snRNA-seq data. Data from control 
(left) and En1-cKO (right) samples are shown separately. Points are colored according to replicate. C-
E) Dot plots showing the expression of the top 5 marker genes identified for epidermal (C), dermal 
(D), and non-epidermal or dermal clusters (E; labeled “other” in main Figure 1). Dot color indicates 
average relative expression level for a cluster and dot size indicates the percent of nuclei in that 
cluster expressing the marker gene. F) Summary of cell type annotation for non-epidermal or dermal 
(“other”) clusters based on marker gene analysis.  
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Figure S3. Epidermal subcluster marker genes and enrichment by gene ontology (GO), related 
to Figure 2 

A) Feature plot (top) for Fbxo32, a specific marker gene of cluster 14. In situ hybridization for Fbxo32 
(bottom) in the volar limb in the footpad region at P2.5. B) Feature plot (top) for Lmo4, an additional 
marker of cluster 14. In situ hybridization for Lmo4 (bottom) in the volar limb in the footpad region at 
P2.5. Arrows indicate nascent eccrine glands (A,B). C) Feature plots for known markers of basal 
keratinocytes (Krt5, Krt14) and suprabasal keratinocytes (Krt1, Krt10) showing normalized gene 
expression projected onto the UMAP embedding for subclustered epidermal nuclei. D) Dot plot 
depicting expression of the top 5 marker genes identified for each epidermal subcluster. Dot color 
indicates average relative expression level for the subcluster and dot size indicates the percent of 
nuclei in that subcluster expressing the marker gene. E) Dot plot depicting the top 4 results from a 
GO overrepresentation analysis conducted on significant differentially expressed marker genes for 
each epidermal subcluster (LFC ≥ 0.58, p adj. < 0.001). Dot color represents adjusted p value for GO 
term enrichment and dot size represents the gene ratio. F) Feature plot showing normalized 
expression of Edar, a known marker of ectodermal appendages, for Control (left) and En1-cKO (right) 
subclustered epidermal nuclei. G) In situ hybridization for Dkk4 in wildtype FVB/N volar hindpaw skin 
at P2.5. Lower magnification image (left) includes both nascent eccrine glands in the footpad (Dkk4 
negative; arrowheads) as well as eccrine placodes at the edge of the interfootpad space (Dkk4 
positive). Image to right shows eccrine placodes, indicated by arrows, at higher magnification. Scale 
bars represent 50µm. 
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Figure S4. Additional validation of Cluster 20 markers, related to Figure 3 and Figure 4. 

A) Feature plots show relative expression of Tnc, a marker gene of cluster 20, mapped onto UMAP of 
dermal nuclei from Control (left) and En1-cKO (right) samples. B) In situ hybridization for Tnc (purple) 
in the footpad region of the volar skin of a P2.5 FVB/N mouse. Nascent eccrine glands (arrows), as 
well as non-eccrine associated dermis (asterisk). C) S100a4 in situ hybridization signal (purple) in 
connective tissue of En1-cKO foot at P2.5 serves as internal positive control staining (same sample 
as shown in Figure 3E, right). D) In situ hybridization in the adult foot (P28) detects S100a4 in a nerve 
(arrow) and connective tissue (asterisk) deep to the footpad. This serves as internal positive control 
for the mature eccrine gland S100a4 in situ shown in Figure 4A. Scale bars represent 50µm. 
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Figure S5. Inferred receptor-ligand interactions between dermal and epidermal subclusters 
and S100a4 expression in volar skin, related to Figure 5 

A,B) Dot plots representing the communication probability for all significant receptor-ligand pair 
interactions inferred by CellChat (p < 0.05) showing signaling from dermis to epidermis (A) and 
epidermis to dermis (B). Dot color reflects communication probability and dot size indicates p value. 
C) In situ hybridization for S100a4 (purple) and En1 (purple) shows adjacent sections of Ablated volar 
skin with retained nascent glands. Sections shown are from the same Ablated sample as those 
shown in Figure 5C (bottom). 

  



Table S1. Results of statistical analysis of the effect of genotype on footpad 4 (FP4) eccrine 
gland number in adult mice, related to Figure 1 

 

 

 

 

 

 

 

 

 

 

 

Results of Kruskal-Wallis test followed by post-hoc Dunn’s test with Benjamini-Hochberg (BH) 
correction related to Figure S1A. Genotype codes: “floxCtrl” refers to En1flox/flox; “creCtrl” refers to 
tetO-Cre/+; En1flox/flox; “rttaCtrl” refers to Krt5-rtTA/+; En1flox/flox: “ko” refers to tetO-Cre/+;Krt5-
rtTA/+;En1flox/flox. Alpha = 0.05. 

 

  

Kruskal-Wallis FP4 ~ genotype 

chi-squared = 26.869, df = 3, p-value = 6.271e-06 

FP EG Dunn test results 

Comparison Z p.unadj p.adj (BH) 

creCtrl - floxCtrl -1.38 0.17 0.25 

creCtrl - ko 3.23 1.25E-03 2.49E-03 

floxCtrl - ko 5.00 5.77E-07 3.46E-06 

creCtrl - rttaCtrl -0.53 0.60 0.60 

floxCtrl - rttaCtrl 1.09 0.28 0.33 

ko - rttaCtrl -4.34 1.43E-05 4.30E-05 



Table S2. Results of statistical analysis of the effect of genotype on interfootpad (IFP) eccrine 
gland (EG) number in adult mice, related to Figure 1 

 

 

 

 

 

 

 

 

 

 

 

Results of Kruskal-Wallis test followed by post-hoc Dunn’s test with Benjamini-Hochberg (BH) 
correction related to Figure S1B. Genotype codes: “floxCtrl” refers to En1flox/flox; “creCtrl” refers to 
tetO-Cre/+; En1flox/flox; “rttaCtrl” refers to Krt5-rtTA/+; En1flox/flox: “ko” refers to tetO-Cre/+;Krt5-rtTA/+; 
En1flox/flox. Alpha = 0.05. 

 

  

Kruskal-Wallis IFP EG ~ genotype 

chi-squared = 38.202, df = 3, p-value = 2.561e-08 

IFP EG Dunn test results 

Comparison Z p.unadj p.adj (BH) 

creCtrl - floxCtrl -0.41 0.68 0.68 

creCtrl - ko 4.67 3.00E-06 9.00E-06 

floxCtrl - ko 5.65 1.56E-08 9.36E-08 

creCtrl - rttaCtrl 2.49 1.26E-02 1.51E-02 

floxCtrl - rttaCtrl 3.46 5.48E-04 1.10E-03 

ko - rttaCtrl -2.98 2.86E-03 4.29E-03 



Table S3. Results of Kruskal-Wallis followed by post-hoc Dunn’s test on the effect of genotype 
on interfootpad  (IFP) hair follicle (HF) number in adult mice, related to Figure 1 

 

 

 

 

 

 

 

 

 

 

 

Results of Kruskal-Wallis test followed by post-hoc Dunn’s test with Benjamini-Hochberg (BH) 
correction related to Figure S1C. Genotype codes: “floxCtrl” refers to En1flox/flox; “creCtrl” refers to 
tetO-Cre/+; En1flox/flox; “rttaCtrl” refers to Krt5-rtTA/+; En1flox/flox: “ko” refers to tetO-Cre/+;Krt5-rtTA/+; 
En1flox/flox. Alpha = 0.05. 

 

Kruskal-Wallis IFP HF ~ genotype 

chi-squared = 25.635, df = 3, p-value = 1.137e-05 

IFP HF Dunn test results 

Comparison Z p.unadj p.adj (BH) 

creCtrl - floxCtrl -0.52 0.60 0.60 

creCtrl - ko -4.46 8.15E-06 2.44E-05 

floxCtrl - ko -4.48 7.41E-06 4.45E-05 

creCtrl - rttaCtrl -1.77 0.08 0.12 

floxCtrl - rttaCtrl -1.44 0.15 0.18 

ko - rttaCtrl 3.47 5.29E-04 1.06E-03 
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