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SUMMARY

Palmoplantar skin is structurally and functionally unique, but the transcriptional programs driving
this specialization are unclear. Here, we use bulk and single-cell RNA sequencing of human
palm, sole, and hip skin to describe the distinguishing characteristics of palmoplantar and
non-palmoplantar skin while also uncovering differences between palmar and plantar sites. Our
approach reveals an altered immune environment in palmoplantar skin, with downregulation

of diverse immunological processes and decreased immune cell populations. Further, we
identify specific fibroblast populations that appear to orchestrate key differences in cell-cell
communication in palm, sole, and hip. Dedicated keratinocyte analysis highlights major
differences in basal cell fraction among the three sites and demonstrates the existence of two
spinous keratinocyte populations constituting parallel, site-selective epidermal differentiation
trajectories. In summary, this deep characterization of highly adapted palmoplantar skin
contributes key insights into the fundamental biology of human skin and provides a valuable
data resource for further investigation.
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Wiedemann et al. present a comprehensive characterization of human palmoplantar skin. They find
a dampened palmoplantar immune environment, describe differences between palmar and plantar
skin, characterize a distinct palmoplantar fibroblast population marked by differential cell-cell
signaling, and identify a site-selective dual epidermal differentiation trajectory.

INTRODUCTION

The palmar skin of the hand and the plantar skin of the foot are similar in that the epidermis,
and especially the cornified layer, is thicker than in other regions of the body, and there is
increased interdigitation between the dermis and the epidermis.! These factorsare thought
to contributeto palmoplantar skin’s increased mechanical strength, as the plantar skin is
regularly able to withstand pressures 50 times that of other load-bearing regions of the
body.? Previous studies established that the expression of keratin 9 in the suprabasal layers
of the palmoplantar epidermis is important to maintaining its structural integrity and correct
terminal differentiation.3# In addition, other stress response keratins such as keratins 6 and
16 have been shown to be particularly important in palmoplantar skin differentiation, with
mutations of these genes leading to palmoplantar keratodermas.>® These and other studies
have added to the impression of sameness between palmar and plantar skin. Much less,
however, is known about the differences between palmar and plantar skin.

In addition, site-specific manifestations of a variety of skin disorders have been noted.
Palmoplantar manifestations, particularly in the case of inflammatory skin diseases such

as psoriasis and atopic dermatitis, respond poorly to treatment compared with other body
sites and typically require a different treatment regimen.’-8 Yet, the specific modifications of
immune response as well as differences in immune cell types found in these sites are not
fully understood.

Understanding the control of site-specific epidermal differentiation is also important for
understanding skin diseases with altered epidermal differentiation. The distinct patterning of
palmoplantar skin is partially due to the influence of a site-dependent fibroblast HOX code
on epidermal differentiation.®10 The induction of the characteristic thickened epidermal
phenotype of palmoplantar skin has been achieved via co-culture of keratinocytes with
palmoplantar fibroblasts.11 Although these facets of epidermal-mesenchymal signaling
have been well established, these interactions have yet to be studied at the single-cell
transcriptomic level. Having information at a single-cell level allows for an unbiased,
inclusive analysis of signaling pathways at these different sites that was previously
impossible. Recent human single-cell studies in healthy skinl2-14 have established that
fibroblast heterogeneity is important for maintaining dermal structure and enabling immune
surveillance. However, these studies have not compared body site-specific differences.

The conventional model of epidermal differentiation is one of stepwise progression,
corresponding to the distinct layers of the skin, with transit into each layer marked

by a sharp transcriptional activation of a well-characterized series of markers.1> More
recent single-cell studies in the mouse indicate that epidermal differentiation is instead
gradualistic,18 while human studies have highlighted the heterogeneity within what were
previously thought to be discrete epidermal populations.1’18 So far, the site-specific
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differences in human epidermal populations and their differentiation programs have not
been studied.

To better understand human epidermal differentiation in different sites of the body, we
leveraged both bulk and single-cell transcriptional data from healthy adult donors. Samples
were collected from three sites: palm and sole, representing palmoplantar skin, and hip,
representing non-palmoplantar skin. Bulk transcriptionalanalysisrevealedhighlydivergent
immunological states in palmoplantar and non-palmoplantar skin and, unexpectedly,
suggested the presence of specific transcriptional programs in palmar versus plantar skin.
To determine the contributions of individual cell types to these site-specific features, we
performed single-cell RNA sequencing. We found a marked increase in immune cells in
non-palmoplantar skin, a fibroblast population specific to palmoplantar skin, and distinct
epithelial-mesenchymal cross-talk patterns in palmoplantar versus non-palmoplantar skin.
Focusing on keratinocytes, we observed that the fraction of basal keratinocytes in the

palm was markedly decreased, and the fraction of differentiated keratinocytes increased,
compared with the sole. Keratinocyte subclustering also uncovered the presence of two
discrete spinous cell populations, each marked with distinct transcriptional networks, which
show differential enrichment in palm versus sole. Pseudotime trajectory analysis revealed
these populations to be concurrent, alternate branches in epidermal differentiation. These
spinous populations are conserved across all three sites, albeit in different proportions,

and culminate in the same terminally differentiated end state. Altogether, our data support
clinical observations of altered inflamma-tory involvement of palmoplantar skin and reveal
the specific features of palmar, plantar, and non-palmoplantar skin.

Non-palmoplantar, palm, and sole skin are distinct at a transcriptional level

To identify differences in gene expression between palmoplantar and non-palmoplantar (hip
region) skin, we took skin biopsies from 15 subjects, obtaining 30 samples, 10 of which
were matched for hip and palm and 5 of which were matched for hip and sole (Figure 1A
and S1A). Principal-component analysis (PCA) indicates that the majority of the variability
in these samples was due to skin site, with the palmoplantar and non-palmoplantar skin
separating into distinct clusters in the first principal component (Figure 1B). But it also
indicates subtler differences between palmar and plantar skin, as the palm and sole form
discrete clusters in the second principal component; the sole is most distinct from hip skin.

To further interrogate the gene expression differences between these three sites, we
performed pairwise comparisons between the hip and the palm, the hip and the sole, and the
palm and the sole using DESeq2. We identified a total of 2,734 significantly differentially
regulated genes (Figures S1A). To detect distinct and shared patterns of gene expression
across the three sites, we performed k-means clustering followed by gene ontology (GO)
analysis to define gene pathways enriched or depleted at each site. The genes grouped into
six different clusters, each with enrichment of certain functional categories (Figures 1C, 1D,
and S1B-D).
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Notably, GO terms emerging from this analysis are most significant for clusters 3 (enriched
in hip) and 6 (enriched in sole), suggesting that the transcriptional divergence at these sites
translates to functional distinctions. Intriguingly, GO terms for cluster 3 (hip), the largest
cluster at 1,135 genes, primarily comprise inflammatory and immune response-related
terms. This striking enrichment of immune-related genes in hip skin likely accounts for

the propensity for many inflammatory skin diseases in non-palmoplantar skin compared
with palmoplantar skin. Cluster 3 genes include immune cell-specific markers such as
CD3Dand CD79A, indicating a higher proportion of immune cells in hip skin, as well

as immune-related genes that are expressed by skin tissue cells; these include factors such
as TLRZ, involved in innate immune responses,1® and CCL27, which drives immune cell
recruitment.20 Cluster 3 also includes genes such as hair keratins KR731, KRT74, and
KRT85related to differences in adnexal structures across the sites, as well as melanocyte
markers MLANA, TYR, and TYRPI and Langerhans cell markers CD1A and CD207
(langerin), corresponding to cell types that are more abundant in non-palmoplantar skin.?!
Cluster 6 (sole) is a far smaller cluster, at only 384 genes, but nonetheless shows highly
significant GO terms, most of which relate to cornification and keratinization. This
corresponds to the greater degree of terminal differentiation in the epidermis of the sole
compared with the palm, consistent with the more intense stress and pressure regularly
encountered by plantar skin. Accordingly, stress keratins KRT6A/B/C, KRT16, and KRT17
all emerge in cluster 6.

In contrast, despite the transcriptional similarity of palm and sole shown by PCA (Figure
1B), GO terms associated with cluster 5 (representing genes enriched in both palm and sole
relative to hip) show comparatively low significance, further highlighting the prominent
functional distinctions between palm and sole. The top GO term, response to toxic
substance, is driven by antioxidants such as thioredoxin and peroxiredoxins 1 and 6, as
well as numerous other factors involved in responses to reactive oxygen species, hinting at
possible metabolic differences in palmoplantar skin. Cluster 5 further includes anticipated
genes such as FLG (filaggrin), LOR (loricrin), and HRNR (hornerin). However, additional
interesting structural genes, such as COL17A1, a critical hemidesmosome component
anchoring down the basal epidermis, and desmosomal components DSCI (desmocollin 1)
and DSGI (desmoglein 1), emerge, as well as a number of immune genes such as /L36G
and /L36RN (IL-36 receptor antagonist) that likely further contribute to differences in
palmoplantar presentations of immune-mediated skin disease. In addition, cluster 1 (palm)
GO terms showed only marginal significance, with many terms being driven by hemoglobin
gene transcripts likely derived from residual erythrocytes inadvertently captured in the
microvasculature. These transcriptional signals suggest greater functional specialization of
non-palmoplantar and plantar than of palmar skin. While our results agree with previous
work3:22-24 showing that palm and sole have common characteristics that are distinct from
non-palmoplantar skin, we now show important differences between palm and sole.

scRNA-seq reveals differences in cell states and cell types between hip, palm, and sole

skin

We next used single-cell RNA sequencing (scRNA-seq) to define cell-type and cell-state
differences between palmoplantar and non-palmoplantar skin and to map gene expression
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differences between palmoplantar and non-palmoplantar skin to specific cell types. Skin
biopsies were taken from four subjects; from two subjects, we obtained samples from

hip and palm, and from the other two subjects, from hip and sole. In each case,

the epidermis and dermis were enzymatically separated and then either recombined or
sequenced separately, resulting in a total of 12 datasets (Figure 2A). After quality control,
normalization, and integration into a single object in Seurat,2%-26 the dataset consisted of
15,243 cells and 17,261 genes (Figure S1E).

Unsupervised clustering of the integrated dataset identified 11 clusters, including
keratinocytes, fibroblasts, immune cells, melanocytes/melanocyte-like cells, pericytes, and
endothelial cells (Figures 2B and S1F).26:27 These annotations were determined by the
projection of established marker genes for each cell type, as well as the top marker genes
for each cluster (Figures 2C and 2D).14 To avoid bias introduced by differences in sample
preparation, we performed pairwise comparisons (Figures 2E and S1G). As predicted by the
bulk RNA-seq data (Figures 1C and 1D), there was a consistent decrease in the number of
immune cells, including T cells and mast cells in the sole and T cells, mast cells, Langerhans
cells, and other myeloid populations in the palm, compared with the non-palmoplantar skin
(Figures 2E and S1H). In addition, we identified downregulation of /7GB?8 and T/MP,2°
associated with leukocyte migration, and SL2A4330 associated with Th17 and other immune
cell activation, in multiple palmoplantar immune populations (Figure S11).

The melanocytes/melanocyte-like cluster showed expansion in the palm dermis (11%)
compared with hip dermis (3.6%) (Figure 2E), in disagreement with the enrichment of
melanocyte markers in bulk RNA-seq cluster 3 (Figure 1C). This cluster showed the
opposite trend in the hip and sole matched samples, with a greater fraction (3%) of
melanocytes/melanocyte-like cells in the hip and a lesser fraction (0.9%) in the sole.
Although this cluster was annotated based on high expression of traditional melanocyte
markers, such as KIT and MLANA, these markers were expressed only in a subset of the
cluster. In the palm specifically, there was an expansion of the melanocyte-like population
that lacked expression of pigment genes (Figure 2C). This agrees with a recent study that
reported detection of a melanocyte sub-population with diminished expression of pigment
genes and other melanocyte markers in acral skin.3! There were also more differentiated
keratinocytes in the palm than in the hip. In comparison, the sole showed greater enrichment
in undifferentiated keratinocytes than the hip (Figure 2E). These results support the two
major findings of the bulk RNA-seq analysis, corroborating an expanded immune role in the
non-palmoplantar skin, as well as differences between palm and sole epidermis.

Palmoplantar skin contains a distinct fibroblast population and features specific cell-cell

signaling

Subclustering of 2,303 fibroblasts from the three sites resulted in the formation of four
fibroblast clusters (Figures 3A and S2A). Fibroblasts Il and I11 show non-overlapping
localization, with fibro-blast Il found nearly exclusively in the palmoplantar skin and
fibroblast 111 found only in non-palmoplantar skin (Figures 3B and S2B). However, these
two clusters share expression of markers such as WIF1, MMPZ2, SFRPZ, and DPPA4,
suggesting a shared role in maintaining dermal and extracellular matrix homeostasis
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(Figures 3C, S2C, S2D, and S2G).1214.32 The palmo plantar-specific fibroblast 11 also
expressed ANGPTL 7and PRG4, markers of two previously identified minor fibroblast
populations (Figures S2G and S2H).12

Fibroblast I is marked by upregulation of CXCL 12, APOE, FMOI, and LSP1, pointing to

a role in immune surveillance and promotion of inflammation (Figures 3C, S2C, S2D, and
$2G).12.14.32 Fibroblast IV was marked by APOD, C20rf40, ITGA6, CLDNI, and TM4SF1,
overlapping with a specialized fibroblast population previously identified in single-cell
analysis of healthy human skin (Figures 3C and S21).12:32

We calculated a reticular and papillary score32-37 and found that, although the clustering
was not driven by localization in the dermis, fibroblast Il is marked by a higher papillary
score, while fibroblast 111 has a higher reticular score (Figures S2E and S2F). GO terms for
these clusters further support fibroblasts 11 and 111 sharing a role in structural maintenance,
as both are marked by a number of terms related to extracellular matrix organization (Figure
S2J). MetaNeighbor analysis38 supported similarity between the site-specific fibroblast 11
and fibroblast 111 and indicated that more subtle differences exist between the hip and

the palmoplantar skin in the immunologically active fibro-blast | (Figure S2K). Pairwise
comparison of these two populations further found that the palmoplantar-specific cluster (I1)
shows upregulation of GO terms associated with cell migration, while the non-palmoplantar
cluster (111) shows upregulation of WNT signaling terms (Figures S2L-S2N).

We next utilized CellChat3° to infer cell-state-specific signaling communications for

the fibroblast and keratinocyte populations for the three sites independently (Figure
S3A). This unbiased analysis of signaling pathways revealed key differences between
the non-palmoplantar and the palmoplantar skin. First, fibroblast cluster 11, found in

the palmoplantar skin, and fibroblast cluster 111, in the non-palmoplantar skin, play
comparable roles in overall signaling, supporting that these two fibroblast populations
have similar functional roles in the different sites (Figure S3B). Second, in all three sites,
fibroblast cluster | is consistently the fibroblast subtype most involved in signaling. Overall,
information flow and signaling strength are higher in the hip and palm than in the sole
(Figure S3C). Unbiased signaling analysis revealed specific signaling communications in
each of the three sites (Figure S3D).

Notably, CCL signaling within the fibroblasts is exclusively identified in the hip dataset,
showing that the increased inflammatory role of non-palmoplantar skin extends to the
fibroblast populations (Figures 3D, S3D, and S3H). In contrast, IGF signaling between the
fibroblasts and the basal keratinocytes was found only in the palm and sole, indicating
that this proliferative signal to the keratinocytes is more prominent in the palmoplantar
skin, where it likely contributes to increased epidermal thickness (Figures 3D, S3D, S3l,
and S3J). To ensure that these results were not driven by differences in sequencing, we
independently analyzed hip datasets from the epidermis and dermis sequenced separately
and those that were recombined for sequencing. This analysis recapitulated our findings
from the aggregated analysis (Figures S3E-S3G). Having established these clear differences
in dermal signaling pathways between the palmoplantar and the non-palmoplantar skin
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samples, we moved to further investigate the differences in the epidermal populations
between sites.

The human epidermis contains multiple clusters of cell states that both divide and span
epidermal layers

To understand body-site differences in epidermal differentiation, we focused our studies on
the 9,471 keratinocytes from hip, palm, and sole. Subclustering the keratinocytes resulted
in seven clusters: three basal clusters (basal I, 11, 1), expressing KRT75and KRT714; two
spinous clusters (spinous I, 11), expressing KR71and KRT10, a single granular cluster
(granular), expressing FLG and LOR, and one cluster (stressed/adnexae) marked by higher
expression of stress-response genes such as KRT6B, as well as genes expressed in the
pilosebaceous units and eccrine glands, i.e., MGST1 (Figures 4A and S4A). We also
projected onto the uniform manifold approximation and projection (UMAP) an average
expression score for canonical differentiation markers to validate the cluster assignments
(Figure 4B). These clusters are consistent regardless of dataset and Seurat integration
(Figures S4B and S4C). The three basal clusters show similarities to those previously
identified in neonatal foreskin,1’ with both basal I and basal Il being most similar to the
stem cell population found at the bottom of rete ridges and basal 111 to the two proliferative
clusters located closer to the suprabasal layer. The fourth basal cluster identified in the
neonatal keratinocytes, which localized to the top of the rete ridges, appears to be absent

in adult epidermis (Figures S4D and S4E). Although the keratinocyte subclusters are clear
and match the expression of canonical markers, we observed transition cells expressing
both basal and spinous markers, as has been described in mouse epidermal differentiation,16
indicating gradualistic features of human epidermal differentiation (Figures S4F and S4G).

Proliferative epidermal stem cells are mostly located in the first suprabasal layer and show
increased differentiation

Using Scanpy“? to generate a diffusion map of all keratinocytes, we identified a clear
trajectory in the first diffusion component, starting with the three basal clusters, moving in
parallel through either spinous I or spinous Il, and culminating in the terminal granular state,
with stressed/adnexae keratinocytes found throughout (Figure 4C). The second diffusion
component shows a clear separation of basal I11 and the granular cluster, which appears

to be driven by proliferation and terminal differentiation, respectively. Cell-cycle scoring
highlights a consistent decrease in proliferation throughout differentiation, as shown by the
increase in G1-phase cells compared with basal cells (Figure 4D). Interestingly, the two
spinous populations appear as parallel tracks in the diffusion trajectory. We also found
consistent differential proliferation across all three sites, with spinous | keratinocytes largely
marked by G1-phase genes, whereas spinous Il has a greater number of keratinocytes
marked by G2M- and S-phase genes.

Basal 111, unlike the other two basal clusters, is entirely composed of cycling cells, with
one-half of the cluster in G2M and the other half in S phase (Figure 4E). Immunostaining
of proliferation marker Ki67 in palm, sole, and hip skin shows that basal Il cells are in fact
localized above the first layer of basal cells (Figures 4F and S4H). This is consistent with
the proliferating basal 111 cells being more differentiated than basals | and 11, as supported
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by basal 11l having the largest fraction of cells co-expressing basal and suprabasal markers
across the three sites (Figure S4G).

Palmoplantar keratinocytes exhibit increased expression of oxidative phosphorylation-
related genes but decreased expression of immune-related genes

Based on conserved cell state definitions across the three sites, we next investigated
differential gene expression among hip, palm, and sole keratinocytes. As expected, KRTY,
a well-known marker of suprabasal keratinocytes in palmoplantar skin,%22:23 is strongly
expressed in the differentiated keratinocytes of the palm and sole (Figure S41). In
contrast, KRT16, known to be associated with palmoplantar epidermal differentiation,2441
is particularly highly enriched in the sole, but also expressed in palmar keratinocytes.
CCLZ27 encoding a T cell activating protein and one of the top upregulated genes in
non-palmoplantar skin in the bulk RNA-seq analysis, is selectively expressed in all hip
keratinocytes. Pairwise comparisons of the palm versus hip and sole versus hip (between
keratinocytes sequenced in the same manner), showed high correspondence with genes
identified in the bulk analysis, including palmoplantar upregulation of transcripts such as
KRT9, KRT6, KRT16, GJB2, and GJB6 (Figure S4J).

Next, we examined differences in gene expression between palmoplantar and non-
palmoplantar skin in each keratinocyte subcluster, performing pairwise comparisons
between matched samples. To explore the significance of these differences, we performed
gene set enrichment analysis (GSEA)*243 to identify GO terms enriched in each cell state,
as well as those enriched in the bulk data (Figures S4K and S4L). In both the palm and the
sole, pathways associated with epidermal development and cornification were upregulated in
multiple populations. In addition, there was a strong enrichment for terms associated with
oxidative phosphorylation and the electron transport chain, which may indicate divergent
metabolic states in palmoplantar and non-palmoplantar epidermis. This altered metabolism
in palmoplantar keratinocytes is further supported by similar results in the bulk RNA-seq
from the sole (Figure S4K), hearkening back to the emergence of response to toxic
substances as the top significant GO term for palm- and sole-enriched gene cluster 5 (Figure
1D).

Non-palmoplantar keratinocytes are markedly enriched in a number of immunological GO
terms, including TNF-a, leukocyte differentiation, lymphocyte and T cell activation, and
cytokine signaling (Figure S4L). These results, paired with the increased proportion of
immune cells in the non-palmoplantar skin (Figure 2E) and the enrichment of similar
immune GO terms in the non-palmoplantar skin from the bulk data (Figures 1D, S1C,

and S1D), reiterate the existence of distinct immune environments in palmoplantar and
non-palmoplantar skin.

Stem cell and spinous differentiation properties are distinct between palm and sole
epidermis
Having established key differences between palmoplantar and non-palmoplantar
keratinocytes, we then looked for differences in the proportion of cell states in the
keratinocyte populations, which could reflect differences in epidermal differentiation among
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hip, palm, and sole skin. As expected, the palmoplantar epidermis differs from non-
palmoplantar epidermis in the distribution of cell states (Figures 5A and 5B). But more
surprising are striking differences between palmar and plantar skin types. Plantar epidermis
is enriched 1.5-fold in basal keratinocytes, including from proliferating basal 111, compared
with the hip epidermis. In contrast, the proportion of basal cells in palmar epidermis is
decreased nearly 2-fold compared with hip. In addition, the relative ratio of spinous I and
spinous 1l varies between sites, with palm favoring spinous | and sole favoring spinous 11,
whereas spinous | and spinous Il keratinocytes are approximately equal in the hip skin.
These differences in proportion are consistent between samples from different individuals
(Figure S4B). In conclusion, these results indicate (1) that plantar epidermis is specific in
its enrichment of basal keratinocytes, including proliferating cells, and (2) that the epidermal
differentiation pathways in palm and sole are different, with the palm favoring spinous |
differentiation and the sole favoring spinous Il differentiation.

CellChat? inference shows major differences in signaling in keratinocyte populations across
the three sites. Strikingly, the strength of Notch signaling, which occurs largely between the
keratinocyte populations, is inversely correlated with the size of the basal cell fraction. The
palm, which has the smallest fraction of basal cells, has the strongest Notch signal, while the
sole has both the largest fraction of basal cells and the weakest Notch signal (Figures 5B-5D
and S5A-S5E). This, paired with the correlation between intensity of Notch signaling and
granular and total spinous (I and 1) cell fractions (Figures 5B-5D), supports the induction of
epidermal differentiation via Notch that has been reported in the literature.44:4°

Human epidermis uses two parallel differentiation pathways in a site-selective manner

The differences in proportion of the two spinous clusters in hip, palm, and sole point to

two distinct differentiation trajectories in which keratinocytes move from the basal state
through either the spinous | or the spinous Il state but reconverge into a shared terminal
differentiation state in the granular cluster. Comparing the two spinous clusters reveals a
number of differentially expressed genes and transcription factors (Figure 6A). Analysis
with MetaNeighbor38 validated the Seurat clustering, confirming that these populations are
present across all sites and demonstrating that the two spinous clusters differed considerably,
exhibiting greater similarity to the stressed/adnexae and granular clusters than to each other
(Figure 6B). This contrasts with the three basal clusters, which demonstrate distinct markers,
but show far greater intergroup similarity.

As reflected in the differentially expressed genes (Figure 6A), multiple transcription factors
with well-known roles in epidermal differentiation vary substantially in expression between
the two spinous populations across all skin sites (Figure S5F). Spinous I, which is enriched
in the palm, is marked by high expression of FOSand GADD45B. In contrast, spinous I,
enriched in the sole, lacks FOS expression but shows expression of GRHL3, FOSL 1, and
S0X9 (Figure 6C). Next, using SCENIC,*” we found that the transcription factor networks
validate these results, with increased activity of the FOS network in spinous Il and the
FOSL 1and SOX9networks in spinous | (Figure 6D). Although the GRHL 3 network from
SCENIC did not show a significant difference between clusters, AUCell scoring of a gene
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list of previously identified direct GRHL 3targets is consistent with increased activity in
spinous 1.46:47

We then performed GO term enrichment on the two spinous clusters. Although both clusters
share terms associated with epidermal development and keratinocyte differentiation, there
are key differences (Figures 6F, 6G, and S5G). While the GRHL 3+ cluster (spinous )

is marked by terms such as regulation of epithelial cell proliferation, cell-cell-junction
organization, and regulation of immune activation, the FOS+ cluster (spinous I1) is marked
by oxidative phosphorylation, electron transport, and a number of metabolic process

terms, indicating these cells may bemarked bydistinctmetabolic modes. These different
pathways, paired with the specific expression of key transcription factors in the two spinous
populations, support the concept that these two paths play separate roles in epidermal
differentiation.

A recent study also identified concurrent differentiation trajectories in healthy adult
keratinocytes from the breast driven by high or low lamellar body (LB) formation in
differentiated keratinocytes.18 Although our spinous | population is marked by expression
of SOX9, the marker of the LB branch in the breast keratinocytes, the expression of LB-
and congenital ichthyosis-related genes was slightly upregulated in the spinous Il population
(Figure S5H). Integration of the breast skin dataset with ours*8 revealed that the LB and
non-LB branches in the breast are driven by site in our dataset, with sole associated with
LB and hip associated with non-LB, rather than overlapping with our two spinous clusters
(Figures S51-S5K). Projection of spinous | and Il markers onto the integrated dataset
revealed that GRHL 3 expression was higher in the LB branch, while FOS expression

was higher in the non-LB branch in both datasets (Figures S5L and S5M). These results
indicate that the differences in the two spinous populations, and thus the two differentiation
trajectories, are not driven by LB formation.

Spatial localization of two distinct spinous populations

To gain greater insight into the differentiation process across the three body sites, we
performed pseudotemporal analysis using Monocle to order the keratinocytes based on
differentiation status. Ordering of the Seurat clusters over pseudotime is consistent across all
three sites (Figure 7A) and agrees with the earlier diffusion trajectory (Figure 4C), as well
as the partition-based graph abstraction (PAGA) trajectory that included keratinocytes from
all three sites (Figure S6A).49:50 Notably, although the differentiation trajectories for the hip
and the palm are linear, there is a bifurcation in the basal part of the sole trajectory. Since
one branch is dominated by cells from the basal 111 cluster, and the other comprises basal |
and basal 11 clusters, this split is likely driven by the increased number of proliferative basal
cells compared with that of the hip or palm (Figure S6B). In addition, the trajectories are
consistent across the four research subjects (Figure S6C).

Regardless of site, in pseudotime the two distinct spinous clusters are distributed
contemporaneously rather than sequentially (Figure 7B). Thus, the pseudotime trajectory
supports the concept of two independent spinous clusters that culminate in a shared terminal
differentiation state. RNA fluorescence /n situ hybridization (FISH) results reiterated

the presence of two populations, with quantification of the spinous layer validating co-
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localization of GRHL3and SOX9and separate expression of FOSin the palm (Figures

7C and S6D-S6F). Differences in patterns of expression of GRHL3and FOS (Figure

6C) account for the apparent stratification of expression outside of the spinous layer. No
statistically significant differences in expression were seen between regions over the rete
ridge (Figure S6G). Co-immunostaining further validated that the GRHL3+ and FOS+
cells are two distinct populations, with limited overlap in both palmoplantar (palm) and non-
palmoplantar (hip) skin (Figure 7D). In addition, co-immunostaining of GRHL3and SOX9
corroborated the existence of a population of double-positive cells identified in the single-
cell data (Figure S6H). Ultimately, these data support the concept of two transcriptionally
distinct differentiation trajectories in human keratinocytes that culminate in a common
granular end state.

DISCUSSION

We have conducted comprehensive transcriptomic analysis of healthy adult human skin from
three sites—hip, palm, and sole—at both the bulk and the single-cell level and with spatial
validation. The study reveals a number of key insights about site-specific differences in skin
structure and function. First, increased immune cell populations and heightened inflamma-
tory environment characterize non-palmoplantar compared with palmoplantar skin. Second,
fibroblast populations that confer key differences in cell-cell signaling selectively mark
palmoplantar and non-palmoplantar skin. Third, palmar and plantar skin exhibit differences
in keratinocyte subpopulations and gene expression. Fourth, there are two concurrent
keratinocyte differentiation trajectories marked by distinct spinous cell populations that
operate in a site-biased manner.

At a gene expression level, we demonstrate the greatest differences between non-
palmoplantar and palmoplantar skin, with the largest gene cluster (cluster 3), containing
two-fifths of the total differentially expressed genes, specifically upregulated in hip skin
(Figure 1). Cluster 3 is marked by specific immune cell markers, such as CD3D, CD79A,
and CD207, suggesting that hip skin contains a higher fraction of immune cells than
palmoplantar skin. In addition, cluster 3 contains a number of genes expressed by skin cells,
including innate immune-response genes and genes involved in immune cell recruitment.
Together, these results support the notion of a more robust immune environment in hip

skin compared with palmoplantar skin. Yet, we find evidence that palmoplantar skin

may have distinct pro-inflamma-tory features as well. Cluster 5, which is enriched in
palmoplantar skin, also contains distinct immune-related genes, including /L36RN, a

key susceptibility gene for both generalized pustular psoriasis and certain palmoplantar
pustulosis patients®1:52; this feature could further contribute to palmoplantar manifestations
of inflammatory skin diseases.

These bulk RNA-seq results are corroborated by the sScRNA-seq data. We find a

consistent increase in the number of immune cells in non-palmoplantar skin compared

with palmoplantar skin, with an ~4-fold increase in both the matched hip versus palm
dermis samples and the matched hip versus sole whole-skin samples and an ~1.5-fold
increase in matched hip versus palm epidermis samples (Figure 2). In addition, specific CCL
signaling between the fibroblasts and the keratinocytes in the hip (Figure 3) and consistent
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upregulation of immune-response terms in the hip in both keratinocyte populations and

the bulk data (Figure S4) further support an increased inflammatory environment in the

hip. Taken as a whole, our findings demonstrate an enhanced immune environment in the
non-palmoplantar skin, which likely promotes the differential susceptibility to inflammatory
disease, such as psoriasis and atopic dermatitis, between non-palmoplantar and palmoplantar
sites.”:8

Our analysis also shows that specific fibroblast subtypes, as well as gene expression within
subtypes, contribute to differences between non-palmoplantar and palmoplantar skin (Figure
3). Fibroblast I, which is found in both hip and palmoplantar skin, matches a previously
described major fibroblast population defined by FMO1/L.5P1 expression.12 This population
is implicated in immune surveillance and promotion of inflammation.12.14.32 Regardless of
location, fibroblast | is the population most involved in signaling, being a major sender of
immune signaling via CCL in the hip and a major sender of growth signaling via /GFin
palmoplantar skin. Fibroblasts Il and Il are both marked by SFRP2and DPP4, matching

a second major fibroblast population in human skin that is implicated in matrix deposition
and extracellular matrix homeostasis.12 Intriguingly, fibroblasts 1 and 111 are, respectively,
specific to palmoplantar and hip skin, indicating that this major fibroblast population marked
by SFRP2and DPP4 is specialized in a site-specific manner. We note that the palmoplantar
fibroblast 11 shares certain key markers, namely ANGPTL 7and PRG4, with two other
previously identified minor fibroblast populations,12 indicating potential specialization of
this cluster. In addition, markers for these two clusters differ in enrichment of GO terms,
including cell migration terms in the palmoplantar-specific fibroblast 11 and WNT signaling
terms in the hip-specific fibroblast I11.

The final cluster, fibroblast 1V, is marked by expression of ANGPTL 7and C2orf40,
matching a minor, specialized population of fibroblasts,14 referred to as C4,32 the function
of which has not been previously determined. This population is also defined by exclusive
expression of /TGA6and /TGB4, which have been shown to be expressed specifically in
Schwann cells and perineural fibroblasts in the dermis,>3 as well as CLDONI and SLC2A,
both of which are currently used as markers for perineural cells.>45% Considering the
increased innervation in the palmar skin compared with the rest of the body,>® this perineural
role would match with the increased proportion of fibroblast IV cells seen in the palm,
where it makes up 14% rather than <8% in the other two sites (Figure 3). In sum, we have
discovered specialized palmoplantar fibroblasts (fibroblast I) and identified the location and
function of a minor fibroblast population (fibroblast V). We also demonstrate the impact

of site-specific differences in fibroblast signaling in shaping immunological properties of
palmoplantar and non-palmoplantar skin.

Through bulk and single-cell transcriptomics we consistently identify upregulation of
epidermis development and cornification GO terms in the palmoplantar compared with

hip keratinocytes, consistent with the thicker cornified layer of the palmoplantar epidermis.
The palmoplantar-specific suprabasal marker KR79and stress-response genes KR716and
KRT6A/B/C, whose mutations are associated with palmoplantar keratoderma,>¢:57 are also
upregulated in both the palm and the sole. More unexpect edly, we identify enrichment

of GO terms relating to oxidative phosphorylation and metabolism in palmoplantar skin,
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suggesting metabolic differences between the non-palmoplantar and the palmoplantar
epidermis (Figure S4).

Notably, though, our analysis reveals previously unappreciated differences between palmar
and plantar skin. These differences are evident in the bulk transcriptomes, but most
strikingly in the keratinocyte populations as revealed by scRNA-seq. These differences
are likely driven by the contrast in pressure regularly experienced between the palm and
the sole.58:59 Contrary to expectations, while the sole has the largest proportion of basal
cells (~42%), the palm has the smallest (~16%). In addition, marked differences occur in
proportions of the spinous populations I and 11 between the palm and the sole, whereas the
hip skin exhibits an even split (Figure 5). Finally, the palm contains the highest population
of granular cells and the sole the lowest. Cell-cell signaling analysis reveals that the basal
fraction in each site is inversely correlated to intensity of Notch signaling (Figure 5). This
may partially explain how the palmar skin achieves its increased thickness, as this result
aligns with the literature, which shows that Notch signaling induces differentiation of the
epidermis.

In accordance with recent publications in murine skin, we find a surprising amount of
co-expression of basal and differentiated markers within basal and suprabasal clusters
(Figure S4).16 This further supports the concept of a gradualistic, rather than stepwise,
differentiation process in the human epidermis, conserved across the sites. In addition, we
characterize a conserved population of more differentiated, proliferating basal keratinocytes,
in agreement with previous studies.17:60-64 Although the proportion of cells varies by site,
this population is present and localized similarly in both non-palmoplantar and palmoplantar
skin.

Finally, we identify two distinct spinous keratinocyte populations that form two concurrent
trajectories in pseudotime and terminate in a shared end state (Figures 4, 6, and 7). Although
these populations exist in markedly different proportions, this trajectory is conserved across
the three sites. The presence of a dual epidermal differentiation trajectory in healthy adult
breast keratinocytes, driven by either the formation or the absence of LBs, lipid-enriched
secretory organelles proven important for barrier formation, was recently reported.18:65

Our populations share some characteristics with the breast, including expression of
important epidermal transcription factors, such as SOX9, GRHL3, and FOS. However,
rather than being driven by LB formation, our differentiation branches are instead marked
by differences in GO terms related to cellular metabolism (spinous I) and epithelial cell
proliferation and regulation of immune activation (spinous Il) (Figures 6 and S5). We
hypothesize that the specialization of the differentiated keratinocytes into these two discrete
populations may be necessary to carry out two incompatible functions. In our data, we

see increased oxidative phosphorylation and metabolism in the spinous | population, which
may be incompatible with other processes necessary to maintain epidermal homeostasis.
Alternatively, cell-cell communication signaling in the epidermis may necessitate the
formation of separate keratinocyte populations to communicate via mutually exclusive
signaling pathways.

Cell Rep. Author manuscript; available in PMC 2023 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiedemann et al.

Page 15

In addition to these findings, the palmoplantar dataset provides a valuable resource for future
studies concerning human epidermal differentiation as well as skin disorders. Applying

our dataset to previously published work on GRHL3 knockdown in differentiated human
keratinocytes® confirms that siGRHL3 knockdown is marked by downregulation of terms
associated with keratinocyte differentiation and upregulation of more basal-associated terms
(Figure S6l). These findings provide in vivo support for GRHLZ's role in terminal epidermal
differentiation in humans. By applying markers of our identified keratinocyte populations

to human psoriasis and atopic dermatitis data-sets, we are not able to identify any major
differences between the keratinocyte populations in non-lesional skin. However, in both
lesional atopic dermatitis and psoriatic skin, we show the largest effect size in proliferative
cluster basal 11, indicating that this population is most associated with disease (Figure S6J).

In summary, we comprehensively categorize the altered immune environment in the
palmoplantar skin, including a decrease in immune cells, as well as downregulation of
immuno-logical terms in a variety of additional cell types. We also identify site-specific
fibroblast populations, characterize a perineural fibroblast population, and categorize
differences in cell-cell signaling across the three sites that may drive palmoplantar skin
specialization. Finally, in the epidermis, we demonstrate key differences between the
palm and the sole, in terms of both cell-cell signaling and basal cell fraction, including
the more differentiated, proliferative basal population that we localized to higher in the
epidermis. Strikingly, we demonstrate the existence of two separate spinous populations
across the three sites, likely with mutually exclusive functions, which establish two parallel,
site-selective epidermal differentiation trajectories. Taken as a whole, these results reveal
the dampened immune environment of palmoplantar skin, uncover unexpected differences
between the palmar and the plantar skin, and offer key insights about human epidermal
differentiation.

Limitations of the study

Our study has several limitations. First, the sequencing approach included samples in
which dermis and epidermis were sequenced individually or in combination, which
complicated some direct comparisons of palmar and plantar samples, as acknowledged

in the results. However, the inclusion of the combined sequencing approach provided
additional information on the relative proportions of cell types captured through unbiased
scRNA-seq. Relatedly, while the study included 15,243 cells, a majority (9,471) of these
were keratinocytes. As such, some rarer cell types, particularly immune cells, were low

in abundance in our dataset, limiting the conclusions we were able to draw through direct
examination of immune cell subsets. This limitation was offset by the inclusion of bulk
RNA-seq, which showed strong immunological transcriptional shifts across body sites, as
well as the robust immune signals detected by scRNA-seq in fibroblasts and keratinocyte
subpopulations that varied in representation across body sites. Third, the lower sequencing
depth of scRNA-seq data precluded direct examination of low-abundance transcripts, such
as many cytokines and transcription factors that may influence the distinct features of
palmoplantar skin. Finally, the data presented herein are intended to serve as a resource, and
thus further functional studies are needed to explore the consequences of the transcriptional
differences uncovered by these data.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Bogi Andersen (bogi@hs.uci.edu).

Materials availability—All unique reagents generated in this study will be available from
the lead contact upon reasonable request.

Data and code availability—The bulk RNA-seq data are available in GEO under
accession number GEO: GSE193101 and the scRNA-seq data under accession number
GEO: GSE202352. Analyzed scRNA-seq is accessible at UCI interactive portal, with

the complete dataset at http://www.skingenes.org/palmoplantar_final/, the fibroblasts

at http://www.skingenes.org/palmoplantar_fibroblasts_final/, and keratinocytes at http://
www.skingenes.org/palmoplantar_keratinocytes_final/. This paper does not report original
code. Any additional information required to reanalyze the data reported in this paper /s
available fromthe lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects—15 healthy research subjects (7 male, 8 female, between the ages of 18
and 67) were recruited for 4 mm punch biopsies for bulk RNA-seq; 10 contributed hip and
palm biopsies and 5 hip and sole. 4 healthy research subjects (3 male, 1 female, between the
ages of 39 and 65) were recruited for 4 mm punch biopsies for sScRNA-seq; 2 contributed
hip and palm biopsies and 2 hip and sole. The study was approved by the University of
Michigan Institutional Review Board (IRB), and all patients were consented. The study was
conducted according to the Declaration of Helsinki Principles.

METHOD DETAILS

Bulk RNA-seq and gene expression analysis—Skin biopsies were snap-frozen in
liquid nitrogen and stored at —80°C until use. Samples were then pulverized and dissolved

in complete RLT buffer (Qiagen, Valencia, CA) for RNA extraction. RNA was isolated using
the RNeasy Mini kit (Qiagen). Stranded mRNA libraries were prepared using the TruSeq
RNA library prep kit (Illumina) and sequenced on the Illumina HiSeq 4000 sequencer by
the University of Michigan Advanced Genomics Core. FastQ file parameters and sequence
quality metrics were calculated using the FASTX-Toolkit®” and FastQC.%8 Removal of the
Illumina adaptor sequence and trimming of reads was performed using TrimGalore (version
0.4.5) with a default phred threshold of 20. Ribosomal RNA was filtered using the bbduk.sh
script from the BBMap software’! with rRNA sequences from the silva database.”® Read
mapping was performed using Hisat2 (version 2.1.0)72:69 with maximum mismatch penalty
of 1, minimum mismatch penalty of 0, maximum soft-clipping penalty of 3, minimum soft-
clipping penalty of 1, and non-canonical splice site penalty of 20. Resulting alignment bam
files were sorted using samtools.”® Quantification of gene abundance was then performed by
running stringtie (version 1.3.3)70 in expression estimation mode with the human genome
sequence (GRCh38/hg38) used as a reference. Read counts for each gene were tabulated
using the prepDE python script included in the stringtie software.”® Post-mapping quality
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metrics such as percentage of reads mapped to intronic regions were calculated using
RSeQC’> and RNA-SeQC."* Raw gene counts were normalized using the trimmed mean
of M-values method.’® Differential expression testing was then performed using negative
binomial generalized log-linear models with likelihood ratio testing as implemented in
edgeR.8% Raw p-values from differential expression analyses were corrected to control the
false discovery rate using the benjamini-hochberg method.81

Single cell RNA-seq and analysis—Generation of single-cell suspensions for sScRNA-
seq was performed as previously described.82 Dermal and epidermal fractions were either
combined or sequenced independently as depicted in Figure 2A. Libraries were constructed
by the University of Michigan Advanced Genomics Core on the 103 Genomics Chromium
system and sequenced on the Illumina NovaSeq 6000 sequencer to generate 150 bp paired-
end reads.

Raw sequencing data were demultiplexed and processed using Cellranger (10x Genomics
version 3.0.2) using hg19 reference provided by 10x Genomics. The transcriptomic data
from one of the acral skin sites is included in a paper on lipidomic changes in acral skin,83
but all other data is new. Preliminary analysis and visualization of the single cell datasets
were performed using Seurat?8 in R. For all datasets, cells with <300 and >4500 genes, and
>20% mitochondrial genes detected were removed. We performed integrated analysis of the
12 datasets from 3 sites SCTransform normalization separately for each dataset, selected
2000 informative features, and performed integration using the FindIntegrationAnchors
function. Cells were visualized using UMAP and tSNE (t-distributed stochastic neighbor
embedding) algorithm. Gene Ontology enrichment analysis of the enriched genes was
performed using Metascape’’ and visualized in R. Gene Set Enrichment Analysis for the
keratinocyte populations was carried out using GSEA.42

Gene and probability scores: We calculated the scores for a group of genes associated

with different cell cycle phases using CellCycleScoring() in Seurat. The gene lists for the
G2M and S phase were the Seurat default. Custom gene scores were calculated using
AddModuleScore() in Seurat for reticular and papillary signature and fibroblast subtype, and
basal cluster identity.

Trajectory analysis: Scanpy“? was used to calculate the diffusion trajectory of the
keratinocytes, using the scanpy.tl.diffmap function. The PAGASC keratinocyte trajectory
was also performed in Scanpy, using the scanpy.tl.paga function. Monocle trajectories were
calculated using Monocle2.78

Further analysis: Receptor-ligand analysis for the fibroblasts and keratinocytes for three
sites, as well as the hip combined and hip dermis datasets, was performed via CellChat.3°
Cell-cell similarity between fibroblast clusters and keratinocyte clusters for the three sites
was computed on the integrated matrix using the MetaNeighbor.38 Transcription factor
analysis for the keratinocytes was conducted using SCENIC.47

IHC and immunofluorescence—For histology, samples from the three sites were fixed
with 10% formalin for 48 h at 4°C, followed by ethanol dehydration. Paraffin-embedded
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samples were sectioned (10 pm thick) with a microtome. H&E staining was performed as
previously described.84

For immunofluorescence, formalin fixed samples were embedded in paraffin and sectioned
(10 mm thick) with a cryostat. Slides were fixed in cold acetone for 10-13 min at room
temperature (RT). After 3 washes with PBS, slides were fixed with 4% PFA for 10 min.
Slides were then permeabilized with permeabilization buffer (Triton X in PBS) for 10-15
min and blocked with blocking buffer (1x PBS+ 2% BSA) for 1 h. For primary antibody,
slides were incubated with anti-KI67 and anti- KRT14 or anti-KRT1; or anti-SOX?9, anti-
GRHL3, and anti-cFOS overnight at 4°C. After several washes with PBS, slides were
incubated with secondary antibody (Alexa Fluor 488/ Alexa Fluor 594/ Alexa Fluor 647)
for 1 h at RT in the dark. Stained slides were mounted with a mounting DAPI solution

for nuclear staining. Slides were imaged with a Keyence BZ-X710 all-in-one fluorescence
microscope.

RNA fluorescence in situ hybridization (RNA FISH)—RNA FISH was performed
using the RNAscope Multiplex Fluorescent Detection Kit v2 according to manufacturer’s
instructions on 10 uM thick formalin fixed paraffin embedded sections. All sections were
counterstained with ProLong Gold antifade reagent with DAPI. Images were acquired on
a Leica SP8 confocal microscope. To ensure that images were comparable, they were all
processed the same maximum intensity projection and brightness.

QUANTIFICATION AND STATISTICAL ANALYSIS

Three biological replicates were analyzed for the palm and the hip RNA staining
experiments using ImageJ. Sample sizes, statistical tests and p values are indicated in figure
legends. All the quantitative data are presented in mean £ SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Find differences between palmoplantar and non-palmoplantar skin and palm
and sole skin

Report an altered immune environment in the palmoplantar skin
Characterize a palmoplantar-specific fibroblast population

Identify two parallel site-selective epidermal differentiation trajectories
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Fligure 1. Bulk RNA sequencing reveals differences between palmoplantar and non-palmoplantar
SKIN

(A) H&E staining of hip, palm, and sole skin. Scale bars: 180 mm (left), 80 mm (right).
Black dotted line, dermal-epidermal junction.

(B) Principal-component analysis (PCA) plot for 30 samples (15 from hip, 10 from palm, 5
from sole).

(C) Heatmap visualizing average expression by site of six gene clusters generated by
k-means clustering of the 2,734 differentially expressed genes.

(D) Bar plot showing the top five gene ontology (GO) terms for each cluster of genes.
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Figure 2. Hip, palm, and sole show major differences in cell-type composition
(A) Schematic of sequencing method. Punch biopsies were taken from n = 4 research

subjects, with half donating hip and palm and half donating hip and sole.
(B) Uniform manifold approximation and projection (UMAP) visualization of all 12
datasets. Each dot represents a single cell (n = 15,243). Colors were determined by

unsupervised clustering performed by Seurat.

(C) Average expression of three to six well-established gene markers projected onto the

UMAP plot to annotate cell types.

(D) Heatmap showing the top three most differentially expressed genes for each cluster,
as determined by Seurat. Each row represents expression of the marker gene, while each

column is an individual cell.
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(E) Proportion of cell types normalized by the total number of cells in that sequencing type
and site. Because of differences in sequencing, proportions of cell types are best compared
within conditions.
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Figure 3. Palmoplantar skin contains a distinct fibroblast population
(A) UMAP visualization of fibroblast subclusters. Each dot represents a single cell (n =

2,303).
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(B) Proportion of fibroblast subclusters normalized by the total number of cells in that

sequencing type.

(C) Heatmap of top 10 marker genes for each of the four fibroblast subclusters.
(D) CellChat circle plots showing cell-cell communication related to CCL and IGF signaling

in the indicated sites.

Cell Rep. Author manuscript; available in PMC 2023 February 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wiedemann et al.

°
»
&

Page 30
A B Undifferentiated Differentiated
keratinocytes keratinocytes
25 i
3
2
Basal | 11)
o 6 Basal Il
| o
E Ba.sal i 5 0 5 5 0 5
H Spinous | UMAP_1 UMAP_1
Spinous Il KRTS5, KRT14, TP63, KRT1, KRT1, SBSN,
-25 Granular ITGB1, ITGA6 KRTDAP
Stressed/adnexae Terminally
differentiated K St:.e ssed s
keratinocytes eratinocyte
-5.0
-5 0 5
c UMAP_1
-5 0 5 -
o UMAP_1 UMAP_1
O -
[a)] LOR. FL PINK MGST, RBP1, SERPINBS,
- QR L3 8 s SEMA3C, SELM, ABL2
DC1
D palm
1.00
% 075
- Kl
‘g 0.50 . aoM
g B
Lo
0.00

Basall Basalll Basallll Spinous | Spinous Il Granular Stressed/ Basall Basalll Basal lll Spinous | Spinous Il Granular Stressed/ Basal| Basalll Basallll Spinous | Spinous Il Granular Stressed/
adnexae adnexae adnexae

Palm Skin

[
UMAP_1

Figure 4. Consistent keratinocyte populations are detected in adult skin
(A) UMAP visualization of keratinocyte subclusters. Each dot represents a single cell (n =

9,801).

(B) Average expression of three to six established keratinocyte marker genes projected onto
UMAP plots to identify keratinocyte subclusters.

(C) Diffusion map of keratinocyte subpopulations.

(D) Proportion of cells in each cell-cycle phase (as assigned by the CellCycleScoring
function in Seurat) split by site and keratinocyte subcluster.

(E) Keratinocyte UMAP colored by cell-cycle phase.

(F) Co-immunostaining in the palm skin of proliferation marker Ki67 and differentiation
marker KRT1. Inset: arrows indicating suprabasal and basal Ki67-positive cells. White
dotted line, dermal-epidermal junction. Scale bar: 60 pm.
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Figure 5. Notch signaling intensity in keratinocytes differs across hip, palm, and sole

(A) UMAP visualization split up by the three sites (hip, n = 3,845; palm, n = 1,431; sole, n =
4,195), with respective proportions of each cluster.

(B) Bar plot showing cell fraction for each site by cluster. Error bars indicate standard
deviation.
(C) Bar plot showing signaling intensity of Notch signaling in the three sites.
(D) Circle plot showing CellChat results for overall Notch signaling in the palm.
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Figure 6. Adult epidermis contains two distinct spinous populations
(A) Heatmap of top differentially expressed genes between spinous | and spinous I1.

(B) Heatmap of AUROC scores between keratinocyte clusters based on the highly variable
gene set using MetaNeighbor.

(C) Feature plot showing the most distinct markers for spinous I and Il populations.

(D) SCENIC result, with cutoff for AUC score for each transcription factor network (left),
UMAP with cells above the given AUC score threshold colored blue (middle), and UMAP
with cells colored by the AUC score in red (right).

(E) AUCell scoring of GRHL 3 network based on Klein et al.#¢ Panels as in (D).

(F) Bar plot showing specific enrichment of GO terms for spinous 1.

(G) Bar plot showing specific enrichment of GO terms for spinous II.
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Figure 7. Spinous populations represent two differentiation trajectories with a shared end state
(A) Monocle pseudotime trajectories showing epidermal differentiation for each site.

(B) Violin plots showing distribution of keratinocytes in each cluster over pseudotime for the
three sites.

(C) Immunostaining of spinous cluster markers GRHL3 and c-FOS in the palm. White
dotted line, dermal-epidermal junction. Scale bars: 80 um.

(D) Validation of the presence of two distinct spinous populations by co-immunostaining of
GRHL3 and ¢-FOS in hip and palm skin. White dotted line, dermalepidermal junction. Scale
bars: 150 mm.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-Ki67 Cell Signaling RRID:AB_2687446
Mouse monoclonal anti- Abcam RRID:AB_306091

KRT14
Purified rabbit anti-KRT1
Mouse monoclonal anti-SOX9

Rabbit polyclonal anti-
GRHL3

Rabbit monoclonal anti-cFOS

Gift: Julie Segre, NIH
Abcam
Sigma Aldrich

Cell Signaling

N/A
RRID:AB_2194156
RRID:AB_2684180

RRID:AB_2247211

Biological samples

Healthy adult hip, palm, and University of Michigan N/A

sole tissue

Critical commercial assays

RNeasy Mini kit Qiagen Cat#: 74104
TruSeq RNA library prep kit Ilumina RS-122-2001
Chromium Single Cell 3" v2 10x Genomics PN-120237

reagent kit

RNAscope Multiplex
Fluorescent

Advanced Cell

Cat#: 323100

Detection Kit v2 Diagnostics

Deposited data

Bulk RNA seq data This paper GEO: GSE193101

Single cell RNA seq data This paper GEO: GSE202352

Analyzed single cell RNA seq  This paper http://www.skingenes.org/palmoplantar_final/; http://

data

www.skingenes.org/palmoplantar_fibroblasts_final/;
http://www.skingenes.org/
palmoplantar_keratinocytes_final/

Oglionucleotides

RNAscope Probe- Hs-FOS
RNAscope Probe- Hs-GRHL3
RNAscope Probe- Hs-SOX9

Advanced Cell Diagnostics
Advanced Cell Diagnostics

Advanced Cell Diagnostics

Cat#: 319901
Cat#: 1072001
Cat#: 404221

Software and algorithms

FASTX-Toolkit
FastQC

TrimGalore v0.4.5

samtools
stringtie v1.3.3
BBMap

Hisat2 v2.1.0
RNA-SeQC
RSeQC

(Hannon, 2010)%7

(Brown et al., 2017)%8
http://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/

(Li et al., 2009)8°

(Pertea et al., 2015)70

(Bushnell, 2014)"

(Pertea et al., 2016)72;(Kim et al., 2015)73

(DeLuca et al., 2012)™

(Wang etal., 2012)7®

http://hannonlab.cshl.edu/fastx_toolkit/

http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

RRID:SCR_011847

http://htslib.org/
https://cch.jhu.edu/software/stringtie/
http://sourceforge.net/projects/bbmap
http://cch.jhu.edu/software/hisat2/index.shtml
http://www.broadinstitute.org/cancer/cga/rna-seqc

http://code.google.com/p/rseqc/
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

edgeR v3.24.3

Cellranger v3.0.2

Seurat v3.1.1
Metascape

MetaNeighbor v1.2.1

CellChat v1.1.0
SCENICv1.1.2
Scanpy v1.6.0
Monocle2 v2.10.1

ImageJ
BBKNN

(Robinson et al., 2010)76

10x Genomics

(Stuart et al., 2019)26
(Zhou etal., 2019)77
(Crow etal., 2018)%8

(Jin etal., 2021)3°
(Aibaretal., 2017)*7
(Wolf etal., 2018)40
(Qiuetal., 2017)™8

https://imagej.net/
(Polariski et al., 2020)48

http://bioconductor.org/packages/edgeR/

https://support.10xgenomics.com/single-cell-gene-
expression/software/pipelines/latest/using/count

https://satijalab.org/seurat/
http://metascape.org/gp/index.html-/main/stepl

https://www.bioconductor.org/packages/release/bioc/
html/MetaNeighbor.html

https://github.com/sqjin/CellChat
https://github.com/aertslab/SCENIC
https://github.com/theislab/scanpy

http://cole-trapnell-lab.github.io/monocle-release/
docs/

RRID:SCR_003070
RRID:SCR_022807
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