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DEVELOPMENTAL BIOLOGY

Tenascin-C expressing touch dome keratinocytes
exhibit characteristics of all epidermal lineages

Minh Binh Nguyen't, Pooja Flora't, Meagan C. Branch', Madison Weber', Xiang Yu Zheng*?,
Unnikrishnan Sivan*#§, Simon Joost*], Karl Annusver*>, Deyou Zhengz's, Maria Kasper™>,

Elena Ezhkova'*

The touch dome (TD) keratinocytes are specialized epidermal cells that intimately associate with the light touch
sensing Merkel cells (MCs). The TD keratinocytes function as a niche for the MCs and can induce de novo hair follicles
upon stimulation; however, how the TD keratinocytes are maintained during homeostasis remains unclear. scRNA-seq
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identified a specific TD keratinocyte marker, Tenascin-C (TNC). Lineage tracing of Tnc-expressing TD keratinocytes
revealed that these cells maintain themselves as an autonomous epidermal compartment and give rise to MCs
upon injury. Molecular characterization uncovered that, while the transcriptional and chromatin landscape of the
TD keratinocytes is remarkably similar to that of the interfollicular epidermal keratinocytes, it also shares certain
molecular signatures with the hair follicle keratinocytes. Our study highlights that the TD keratinocytes in the
adult skin have molecular characteristics of keratinocytes of diverse epidermal lineages.

INTRODUCTION
Sensory perception acts as a connection between our internal and
external worlds and is divided into five major senses that help us
navigate through our surroundings. More specifically, somatosensory
function allows us to perceive temperature, pain, and touch by
connecting the skin to the central nervous system via mechanore-
ceptors located in the epidermis and sensory nerves (1-3). On the
surface of the skin, receptors perceive light touch sensations, which
allow us to interpret objects and manipulate body dexterity (4).
Thus, dissecting the dynamics, function, and molecular characteristics
of the mechanosensory niche in the skin is imperative for under-
standing the regulation and maintenance of light touch sensation.The
mechanosensory touch dome (TD) niche in the skin surrounds
primary hair follicles (HFs) and is composed of specialized kera-
tinocytes, known as TD keratinocytes, and Merkel cells (MCs).
MCs are responsible for light touch detection, while the TD kera-
tinocytes stand as a separate innervated structure directly above
the MCs (4, 5). In developing murine mammals, TD keratinocytes
arise from the hair placode and appear as a keratin (KRT) 17-positive
(KRT177) structure independent of the developing HF by embryonic
day 16.5 (E16.5) (6). At the same time, KRT8" MCs shift their position
from the developing HF to localize beneath the TD cells in the inter-
follicular epidermis (IFE) (6). Once the mechanosensory niche is
established, however, the source of TD maintenance remains unclear.
The function of the TD keratinocytes has been studied mostly
during early development where these cells have been shown to be
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critical for patterning MC innervation (6-8). In the adult skin, TD
keratinocytes are critical for TD innervation and MC maintenance
(9); however, whether these cells give rise to MCs is a subject of debate.
TD keratinocytes can acquire a HF fate and form de novo HFs upon
an increase of hedgehog signaling driven by Ptchl knockdown (10).
What molecular characteristics of TD keratinocytes allow for these
diverse properties is unknown.

Here, we identified and established a previously unidentified TD
keratinocyte marker, Tenascin-C (TNC), to further investigate the
potential and function of TD keratinocytes during adult skin ho-
meostasis. By conducting lineage tracing experiments using Trnc-CreER;
R26'4TMat0 mice, we found that TNC expressing (TNC™) TD cells
undergo self-renewal in unison with hair cycle activation and function
as an autonomous self-maintaining epidermal compartment. TNC*
TD keratinocytes do not give rise to MCs during normal homeostasis
but can replenish MCs upon injury. High-throughput transcriptional
and chromatin analyses uncovered that the molecular landscape of
TNC* TD keratinocytes is very similar to TFE cells and that TNC*
TD keratinocytes can occasionally acquire the IFE basal keratinocyte
fate as the mice age. Intriguingly, TNC* TD keratinocytes express
many HF stem cell (HFSC) genes and maintain open chromatin
regions associated with HF; however, they do not arise from the HFs
in the homeostatic adult skin. Together, this suggests that TD kerati-
nocytes are an autonomous cell compartment that is primed to give
rise to diverse epidermal lineages in the adult skin.

RESULTS

TNC is expressed in the TD keratinocytes of the adult

dorsal skin

To identify TD keratinocyte signature genes in the adult skin, we con-
ducted single-cell RNA sequencing (scRNA-seq). We used postnatal 50
(P50) Glil-CreER™; Rosa26'7"% mice, in which the TD keratino-
cytes and a subset of HF bulge cells get efficiently labeled under GliI-
promoter control (Fig. 1A and fig. S1A) (10). After inducing TOMATO
(TOM) expression by injecting tamoxifen (TAM), we used fluorescence-
activated cell sorting (FACS) to enrich for Gli1ToM+ keratinocytes of
the TD (SCA-1%) and HF bulge (SCA-17) and generated single-cell
libraries (fig. S1B). Unsupervised clustering identified five distinct
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Fig. 1. Tnc is expressed in the TD keratinocytes of adult dorsal skin. (A) Schematic showing the Gli1™* populations that were isolated for scRNA-seq. (B) Cell tran-
scriptomes were visualized with Uniform Manifold Approximation and Projection (UMAP) and colored according to unsupervised (first-level) clustering. (C) Expression of
Krt17 and Tnc projected onto the UMAP. (D) Violin plot depicting the expression of TD signature genes in comparison to IFE basal and HF bulge cells. (E) Immunofluorescence
(IF) of DAPI (blue), KRT17 (green), KRT8 (white), and in situ of Tnc RNA (red) in the TD of P52 wild-type mice. Note that Tnc RNA was detected in the TD keratinocytes, a
subset of MCs and dermal cells below the TD. (F) IF of DAPI (blue), KRT5 (green), KRT8 (white), and TNC protein (red) in the TD of P52 wild-type mice. Note that TNC protein
was detected only in the dermal cells below the TD. Scale bars, 50 pm for 20x and 25 pm for 40x images.

groups of epidermal cells, including a TD cluster marked by the expression
of KRT17 (Fig. 1B and fig. S1, C and D) (9). Expression of dermal cell
genes was absent from any identified clusters (fig. SID). We identified
that the KRT17 expressing TD cells also transcribed an extracellular matrix
(ECM) protein encoding gene, Tenascin-C (Tnc) (Fig. 1C) (11, 12). Upon
further analysis to define the TD keratinocyte transcriptome, we
compared it to the transcriptome of both IFE basal and HF bulge cells
(see Materials and Methods) (13), which highlighted Trc as the most
highly expressed gene among TD-specific genes (Fig. 1D).

To confirm that Tnc mRNA is enriched in the TD keratinocytes in
the adult epidermis, we performed in situ hybridization with a Thc-
specific probe in the dorsal skin of P52 mice. We observed that while
Tnc mRNA was undetectable in the IFE of P52 dorsal skin, it was detected
in the TD keratinocytes (Fig. 1E and fig. S1E). A subset of HF bulge/hair
germ cells also expressed Tnc as previously described (Fig. 1D and
fig. S1G) (14). We also observed Thc expression in dermal cells that are
located underneath the TD (Fig. 1E). As TNC is an ECM protein, we
also inspected the expression pattern of the TNC protein. Immuno-
fluorescence (IF) analysis of P52 dorsal skin revealed that TNC was
detected in dermal cells underneath the TD and surrounding the HF
bulge (Fig. 1F and fig. S1, F and H). Together, these analyses identified
Tnc as a marker of the TD keratinocytes.

TD keratinocytes increase their proliferation during the
anagen phase of the hair cycle

To further characterize the TD keratinocytes in the adult epidermis,
we acquired Tnc-CreER mice (15) and crossed them with the
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(ROSA)26Sor ™ (CAGtdTomato)Hze 1 p pgtdTomatoy o orter line to gener-
ate Tnc-CreER; R26"™"° animals which would express TOMATO
protein exclusively in Tnc transcribing cells upon TAM injection. We
injected Tnc-CreER; R26'™" mice twice with TAM starting at P51
and collected dorsal skins at P60, P150, and P365 for IF analysis
(Fig. 2A). Most of the KRT17" TD cells (>98%) were labeled with
TOMATO starting at P60 and remained labeled at all the following
analyzed time points (Fig. 2, B to E). To confirm that Tnc-CreER
does not label TD keratinocytes without TAM induction, we
injected Tnc-CreER; R26'"™% mice twice with corn oil at P51
and collected dorsal skin at P60 (fig. S2A). We did not observe
TOMATO expression (fig. S2A), confirming that Tnc-CreER is
not leaky in the skin and labeling of TD keratinocytes is specific
upon TAM induction. Together, these analyses show that Tnc-CreER
is a robust tool to mark TD keratinocytes and that the labeling of
TD cells persists even 1 year postlabeling. We also observed TOMATO
expression in dermal cells and a few HF bulge cells (Fig. 2, B to D),
consistent with our in situ hybridization data.

We next analyzed whether the TD keratinocytes proliferate in
the adult dorsal skin to maintain themselves during homeostasis. As
proliferation of many skin cells is linked to the hair cycle (16, 17), we
injected wild-type mice with 5-ethynyl-2'-deoxyuridine (EdU) at different
phases of the hair cycle, namely, at P20 (telogen I), P27 (anagen), P41
(catagen), and P51 (telogen II), and then collected and analyzed skins
24 hours postinjection (Fig. 2F and fig. S2, B to F). Although we
observed a few KRT17" TD keratinocytes positive for EQU incorpo-
ration at P21, P42, and P52 (Fig. 2F and fig. S2, B, D, and E), there

20f13



SCIENCE ADVANCES | RESEARCH ARTICLE

A' Tne-creER: R2geTomat
Tamoxifen
injection  Tissue Tissue Tissue
u collection collection collection
4 : Il T IL !
P51 P60 ' P150 P365

it 0
= D ‘ ’
- [&]
Dx: ~ Kk
: = T
: : 5
< B ——
= ) >
S :
S ks
N B _&_ %—

0 T T T 0'#0 T T T T

P60 P150 P365 P21 P28 P42 P52 P95

Fig. 2. Tnc-CreER efficiently labels TD keratinocytes. (A) Experimental design of lineage tracing in Tnc-CreER; R26'7°™° mice. (B to D) Tnc-CreER; R26'9°™ |ineage
tracing in the back skin of P60 (B), P150 (C), and P365 (D) mice, respectively. IF analysis of DAPI (blue) TOMATO (red), KRT17 (green), and KRT8 (white). Insets show a higher
magnification of TOMATO expressing TD keratinocytes. (E) A scatterplot representing the average percentage + SEM of TOMATO*/ KRT177 cells in Tnc-CreER; R2gdTomato
back skin sections of P60, P150, and P365 mice (n = 100 TDs across three to four animals per time point). Nonparametric one-way ANOVA (Kruskal-Wallis test) was con-
ducted. P value = 0.0619. (F) A scatterplot representing the average percentage + SEM of EdU*/KRT177 cells in the back skin of P21, P28, P42, P52, and P95 mice (n = 30
TDs across three to four animals per time point). One-way ANOVA (Dunnett’s multiple comparisons test) was conducted. P values = 0.0014 (P21 versus P28); 0.83 (P21
versus P42); 0.97 (P21 versus P52); 0.0031 (P21 versus P95); 0.0099 (P52 versus P95). Scale bars, 25 pm.

Nguyen et al., Sci. Adv. 10, eadi5791 (2024) 19 January 2024 30f13



SCIENCE ADVANCES | RESEARCH ARTICLE

was a significant increase in EdU™ TD keratinocytes during the anagen
phase at P28 (Fig. 2F and S2C). This suggests that the increase in
proliferation of the TD keratinocytes might be coupled to the anagen
phase of the hair cycle. To confirm this observation, we injected EAU
during the subsequent anagen phase at P94 and observed that TD
cells were indeed undergoing increased proliferation (Fig. 2F and
fig. S2F). Together, these results establish that the TD keratinocytes
are a proliferating, self-maintaining, specialized group of epidermal cells.

Tnc-expressing TD cells regenerate MCs upon mild injury
Previous studies have presented conflicting reports exploring whether
MCs regenerate in adult animals (9, 18-22). We thus asked whether
TNC* TD keratinocytes contribute to MC regeneration after P50,
when the mice have fully matured. We induced TOMATO expression
in P51 Tnc-CreER; R26'7™"° animals and collected skins at P60,
P150, and P365, when the animals have undergone one or more hair
cycles (fig. S3A). We observed that, while all TNC* TD keratinocytes
were labeled with TOMATO at P60, around ~10% of KRT8* MCs
were TOMATO™ (fig. S3, B and E), which could be a consequence of
low-level Tnc transcription in a subset of MCs. This is supported by
the detection of Tnc RNA in MCs via in situ hybridization (Fig. 1E)
and previous RNA sequencing (RNA-seq) studies reporting Tnc tran-
scription in MCs (23). Furthermore, we observed a similar number of
KRT8" and TOMATO™ MCs at P150 (fig. S3, C and E). Although we
noticed a modest increase in KRT8* and TOMATO™ MCs at P365,
this expansion was not significant when compared to P60 or P150
(fig. $3, D and E), indicating that MCs do not regenerate from TNC* TD
keratinocytes after the animals fully mature.

It has also been shown that a superficial or mild injury to the
adult skin leads to MC regeneration (22). However, the source of
MC regeneration upon injury is unclear. Hence, to gain clarity on
whether MCs themselves proliferate or arise from a progenitor popula-
tion upon injury, we established a mild injury model where we waxed
the back skin of P50 animals (fig. S3F). Next, we investigated whether
MC:s reduce in numbers following injury and whether they proliferate
to recover their numbers. Therefore, we collected samples 24, 48, 72, and
96 hours postwax and conducted whole mount IF analysis of MC num-
bers and proliferation (Fig. 3A). We found that MC numbers reduced
significantly, in comparison to unwaxed controls, 24 hours postinjury
but recovered within 96 hours postinjury (Fig. 3, A and B). Analysis
of a proliferative marker, Ki67, revealed that while surrounding epi-
dermal cells underwent proliferation swiftly upon injury, we never
detected proliferation of MCs (Fig. 3A). This led us to ask whether
TD keratinocytes undergo proliferation to potentially contribute
toward MC recovery postinjury. Analysis of Ki67 of KRT17+ TD
keratinocytes 24, 48, 72, and 96 hours postinjury revealed that con-
trary to our MC observations, TD keratinocytes started to signifi-
cantly proliferate within 48 hours of waxing and continued to
proliferate at time points where we saw the recovery of MC numbers
(Fig. 3, Cand D, and fig. S3G). Consequently, we examined wheth-
er TNC" TD keratinocytes are responsible for MC regeneration
postinjury, we induced TOMATO expression at P51 and caused
mild injury using waxing (Fig. 3E). The back skins were collected
after one completed hair cycle and compared to uninjured controls
(Fig. 3E). While control skin showed little to no MC regeneration,
infliction of a mild injury resulted in a modest but significant
increase in TOMATO" and KRT8" MCs after waxing (Fig. 3, F and
G). To rule out whether inflicting an injury could drive Trnc-CreER;
R26"™™at°_mediated labeling of MCs without TAM induction, we
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waxed the back skin of Trnc-CreER; R26"™™ mice that were in-
jected with corn oil and collected skin samples after the hair cycle
was completed (fig. S3H). Although we observed very rare instanc-
es of TOMATO labeling of a single TD keratinocyte and a few der-
mal cells, we never observed TOMATO" and KRT8* MCs,
confirming that the increase in TOMATO™ and KRT8" MCs observed
upon injury in TAM induced Trnc-CreER labeling is not a result of leaky
Cre activity (fig. S3, I and J). Together, these analyses led us to conclude
that, while TNC* TD cells do not give rise to MCs during homeosta-
sis, they are capable of regenerating MCs upon injury.

Tnc is dispensable for TD and MC maintenance

We next asked whether TNC has a functional role in maintaining the
TD and MCs in the adult dorsal skin. Therefore, we analyzed the
number of TD keratinocytes and MCs in the dorsal skin of Tnc™~
[Tne knockout (KO)] mutant mice. We first confirmed that TNC is
lost in Tne KO mice by performing IF analysis of the dorsal skin of
P75 mice (fig. S4A). Curiously, we found that ablation of Thc does
not affect the number of KRT17+ TD cells (fig. S4, B and C), nor
does it affect the number of KRT8* MCs (fig. S4, D and E). Considering
that TNC is an ECM protein that is secreted into the TD-associated
stromal cells, it could play a role in regulating the function of MCs
by controlling their innervation. Therefore, we stained for NF200, a
marker for slowly adapting type I (SAI) neurons that innervate mature
MCs in the adult skin and found that loss of Trnc does not alter SAI
innervation of MCs (fig. S4F) (4, 24). Together, these results suggest
that TNC itself does not have a functional role in TD cell or MC main-
tenance and is not required to maintain innervation during homeostasis.

TNC™ TD keratinocytes are very similar to the IFE

Given that the Tnc-CreER robustly labels the TD keratinocytes, we
used FACS to isolate these cells for transcriptional and chromatin
analyses and comparison with other epidermal compartments of the
skin. TD keratinocytes were gated as Ep-CAM™, a6 integrin™, SCA-1,
and TOMATO" cells. IFE and HF keratinocyte populations were gated
as Ep-CAM™, a6 integrin®, SCA-1*, TOMATO™ and Ep-CAM™,
6 integrin®, SCA-17, TOMATO", respectively (fig. SSA). We confirmed
the accuracy of the gating strategy by performing quantitative reverse
transcription polymerase chain reaction (QRT-PCR) for TD-, IFE-, and
HE-specific genes in the isolated populations (fig. S5B). Following
isolation, we performed bulk RNA-seq on all three populations. Clustering
analysis revealed that the transcriptional profile of the TD population
is highly similar to that of the IFE with only 229 genes differentially
up-regulated in TD (Fig. 4, A and B, and table S1). There were only 54
uniquely enriched genes in the TD keratinocytes (Fig. 4B and table S2),
and gene ontology analysis revealed that the TD unique genes are
involved in regulatory processes such as axon guidance (Meg3 and
Slit1) (25, 26), innervation (Ednl and NptxI) (27, 28), and sensory
perception of pain (Agpl and Penk) (29, 30) that are essential for
proper MC function (Fig. 4C).

Next, we performed assay for transposase-accessible chromatin
with sequencing (ATAC-seq) to access the global chromatin landscape
of the IFE, HE, and TD populations. Again, similar to transcriptional
studies, the open chromatin landscapes between IFE and the TD cells
are remarkably similar (Fig. 4D). Together, these genomic studies
revealed that, although during homeostasis, the TD is an autonomous
compartment in the epidermis, its transcriptional and chromatin
landscape is very similar to that of the IFE. This finding led us to inves-
tigate whether the TD cells have the capacity to take on an IFE fate. Our
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Fig. 3. TNC expressing TD cells give rise to MCs upon mild injury. (A) Whole-mount IF analysis of KRT8 (green) and Ki67 (red) in TDs of dorsal skin of unwaxed control,
24-,48-,72-,and 96-hour post-wax (p.w.) mice. (B) A scatterplot representing the average number of KRT8* MCs in TDs of dorsal skin of unwaxed control, 24-, 48-, 72-, and
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0.0028 (24 hours p.w. versus 96 hours p.w.). (C) IF analysis of DAPI (blue), KRT17 (green), and Ki67 (red) in the dorsal skin of unwaxed control, 24-, 48-, 72-, and 96-hours p.w.
mice. (D) A scatterplot representing the average percentage + SEM of Ki67*/KRT17% cells in TDs of dorsal skin of unwaxed control, 24-, 48-, 72-, and 96-hours p.w. mice
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(E) Experimental design of lineage tracing in Tnc-CreER; R26/“°™* mice. The dorsal skin was waxed at P58 and collected 23 days later. (F) IF analysis of DAPI (blue),
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long-term lineage tracing experiments with Tnc-CreER; R26
(Fig. 4, E to H) revealed that, at P365, 80% of TOMATO™ TDs had
KRT5" KRT17~ TOMATO" IFE cells located adjacent to the TD
(Fig. 4, H and I). Together, these data show that the TD keratinocytes
are primed to take on an IFE fate.

TNC* TD keratinocytes share molecular characteristics with
HF keratinocytes

Although global transcriptional and chromatin analyses revealed
that the TD is highly similar to the IFE, previous studies have shown
that the TD cells express several HF markers such as KRT17, GLI1,
and CD200 (9, 10, 21, 31). We further analyzed our genomic data
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to investigate whether the TD and HF populations share more
molecular characteristics. Of the 229 genes that are differentially
up-regulated in the TD when compared to the IFE, 175 genes were
HF-associated genes, such as Krt17 and Glil, and intriguingly HFSC
genes Cd34, Lgr5, Fgf18, and Lhx2 (Figs. 4B and 5A and table S3)
(32-35). We confirmed that these genes are transcribed in both HF
and TD but not in the IFE via qRT-PCR (Fig. 5B) and IF analysis
(Fig. 5C and fig. S5C).

Previously published lineage tracing experiments using
Cre drivers under the promoter of HF- and TD-expressed genes,
such as KRT17 and GLI1, showed colabeling of TD and HF cell
populations (9, 10, 21). To delineate whether HF lineages contribute
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Fig. 4. TD keratinocytes are similar to the IFE keratinocytes. (A) Heatmap showing the correlation and clustering of the FACS-isolated IFE, TD, and HF cells from the dorsal skin of
P60 Tnc-CreER; R26°™ ™% mice, based on the log-transformed read counts of all genes in RNA-seq data. RNA-seq analysis was done on three biological replicates for each group from
atleast two independent litters. (B) Venn diagram depicting that 175 of the 229 genes significantly up-regulated in TD when compared to IFE were also expressed more highly in HF
cells. (C) Gene Ontology (GO) analysis of the 54 TD unique genes. (D) Heatmap showing the correlation and clustering of open chromatin in FACS-isolated IFE, TD, and HF cells from
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and P365 (H) mice. White dashed lines indicate the border of KRT17* TD cells. (I) A scatterplot representing the average percentage + SEM of TOMATO* TDs that have contributed to
the nearby IFE (n =60TDs for each time point across three to four animals). One-way ANOVA (Dunnett’s multiple comparisons test) was conducted. P values = 0.65 (P60 versus P150);
<0.0001 (P60 versus P365); <0.0001 (P150 versus P365). Scale bars, 25 pm.
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Fig. 5. TD keratinocytes share molecular characteristics with the HF. (A) Volcano plot depicting the differentially expressed genes in FACS-purified TD versus IFE cells
from the dorsal skin of P60 Tnc-CreER; R26'7°™A%° mice. Genes with absolute fold change > 1.5 and adjusted P value < 0.05 were considered significantly up-regulated or
down-regulated in TD cells. (B) RT-gPCR analysis of HF genes that were identified to be expressed higher in TD cells than in IFE via RNA-seq and which have greater chromatin
accessibility in HF and TD than in the IFE. (C) IF analysis of DAPI (blue) and HFSC marker LHX2 (red) in TD which was identified by the presence of KRT8 (green) expressing MCs.
LHX2 single channel is shown in gray. Scale bar, 10 pm. (D) Scatterplot comparing the degrees of chromatin accessibility changes in TD and HF versus IFE, revealing that
of 1021 ATAC-seq peaks that are significantly more accessible [false discovery rate (FDR) < 0.05 and fold change (FC) >1.5] in the TD than in the IFE, 881 of them are also
significantly greater in HF, including peaks at some key HF genes (green dots). (E) IGV tracks of ATAC-seq profiles at selected HF signature genes in FACS-isolated IFE, HF,

and TD keratinocytes.

toward TD homeostasis after a longer tracing period, we used Sox9-
CreER; R26™™% animals generated b7y crossing Sox9-CreER (36)
mice to the (ROSA)26sortm4(ACTB-td omato,-EGF. Luo/] (R26mT/mG)
reporter line. In Sox9-CreER; R26™/™° mice, application of
TAM at P51 for three consecutive days leads to efficient labeling
of all populations of the HFs but not the TD (fig. S5, D and E). We
then collected the skins of these mice at P150 and observed that
while the entire HF remained green fluorescent protein positive
(GFP*), as expected, we did not detect any GFP* cells in the TD
(fig. S5E). Therefore, although the TD keratinocytes express sev-
eral genes associated with the HF, the HF itself is not responsible
for the maintenance of these cells. Investigation of chromatin ac-
cessibility revealed that of 1021 ATAC peaks that are significantly
more accessible in the TD when compared to the IFE, 881 of them
are also HF enriched (Fig. 5D). This suggests that open chromatin
regions in TD that are distinct from the IFE are also significantly
more accessible in the HE Integrative Genomics Viewer (IGV)
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tracks of ATAC-seq profiles show that key HFSC genes Lhx2 and
Cd34 contain very similar high open chromatin regions (ie.,
peaks; at nonpromoters) in the HF and TD that are not accessible
in the IFE (Fig. 5E). Overall, these analyses have identified that,
while the global transcriptional and chromatin landscapes of the
TD keratinocytes are very similar to those of the IFE keratino-
cytes, the critical differences between these populations lie in the
fact that the TD also shares HF-associated transcriptional and
chromatin characteristics.

DISCUSSION

In this study, the scRNA-seq transcriptomic analysis identified Tnc,
an ECM protein coding gene, to be highly enriched in the TD kera-
tinocytes. Lineage-tracing experiments showed that the Tnc-CreER
mouse line is a robust tool for marking and isolating TD keratino-
cytes. Tnc-CreER/Tomato-traced cells persist in the TD even after
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1 year postlabeling, and TD keratinocytes increase their proliferation
rates to self-renew during the anagen phase of the hair cycle, show-
ing that the TD maintains itself as an autonomous epidermal com-
partment in the adult skin. We did not observe that TNC-expressing
TD cells give rise to MCs in the homeostatic skin. Notably, we
observed that MC numbers significantly reduce upon mild injury
but recover within 72 hours. This recovery cannot be attributed to
MC proliferation. However, TD keratinocytes start to proliferate
within 48 hours of injury and continue to proliferate during MC
recovery. Lineage tracing analysis revealed an increase in TOMATO-
labeled MCs, indicating that TD keratinocytes are potential progen-
itors during MC regeneration. RNA-seq and ATAC-seq analyses
revealed that the transcriptional and chromatin landscape of the TD
keratinocytes is remarkably similar to that of the IFE keratinocytes,
and these cells can acquire an IFE cell fate over time in the homeo-
static adult skin. Notably, our RNA- and ATAC-seq analyses also
revealed that the TD keratinocytes share certain molecular signa-
tures with the HF cells. Particularly, the TD keratinocytes not only
express key HFSC genes but the open chromatin landscape of the
TD keratinocytes that differs from the IFE is enriched for the HF
lineage. This highlights the fact that the TD keratinocytes in the
adult skin have unique molecular characteristics that are distinct
from the IFE and HF lineages.

Several genes, such as Glil and Krt17, have been shown to be
expressed in TD keratinocytes (9, 10). However, these genes are also
abundantly expressed in HFs (9, 10, 37). Through scRNA-seq
studies, we uncovered that the Tnc gene is predominantly expressed
in TD keratinocytes, compared to HF or IFE. Our lineage tracing
experiments further substantiated that TNC-expressing cells are
notably more prevalent in TD than other skin epithelial cells.
Intriguingly, when analyzing Tnc KO mice, we found that TNC is
not required for either MC or TD maintenance or innervation, hinting
at the potential compensatory roles of other ECM proteins in
TD homeostasis. Future studies will delve into the role of TNC in TD
regeneration after injury, TD maintenance during aging, and the
possible involvement of TD cells in carcinogenesis, including MC
carcinoma (38).

Numerous studies in adult mouse skin have illustrated the
presence of spatially distinct domains in the IFE that express spe-
cific markers and proliferate at different rates (13, 39-42). These do-
mains rarely expand out but rather are maintained by local epidermal
stem cells (EpSCs) (39, 41, 43). The TD keratinocyte cluster seems to
be functioning similarly, evident by the observation that labeled TD
keratinocytes maintain their precise boundaries months postla-
beling. Moreover, its proliferative activity is distinct from its neigh-
boring IFE keratinocytes; rather, it is coupled to the hair cycle.
Although we do not have direct evidence of the factors that bestow
this specificity of the TD keratinocytes, one can speculate that exter-
nal cues, such as Shh signaling from the innervating sensory
neurons, might be providing the environment for this specialized
behavior (44).

Studies of the adult murine skin have shown that each epithelial
compartment is maintained by a specialized population of stem
cells, such as EpSCs that maintain the epidermis and HFSCs that
maintain HFs (16). While EpSCs are unipotent and only give rise to
the epidermis, HFSCs can also give rise to the epidermis upon
wounding (45, 46). During normal homeostasis, TD cells replenish
and maintain themselves. However, external signaling can induce
TD cells to give rise to de novo HFs (10), and isolated TD cells can
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give rise to IFE cells in skin grafts (47). In addition, our study uncov-
ered the capacity of TD cells to give rise to MCs and IFE cells upon
injury or aging, respectively, thereby highlighting that the TD cells
are a unique population of cells in the epidermis that has the poten-
tial to give rise to MC, IFE, and HF lineages. The analysis of the
chromatin and transcriptional landscape of the TD keratinocytes
showed that they are very similar to those of the IFE, yet they
express several HF genes and exhibit HF-enriched chromatin
accessibility but at a lower level than what we observed in the
HF keratinocytes. We speculate that this unique chromatin charac-
teristic of the TD keratinocytes is what allows them to take on an
IFE or HF lineage fate. Overall, our molecular characterization of
the TD bridges the gap in our understanding of how these special-
ized epidermal cells are capable of committing to several skin
epithelial lineages.

Given that all lineage tracing experiments in the TD have
used Cre drivers under the promoter of HF genes, such as
Krt17 and Glil, as well as the transgenic line used in this study,
which all colabel the TD keratinocytes and HF cell popula-
tions (9, 10), it has been challenging to parse the contribution
of the HF to the TD during homeostasis. By conducting long-
term lineage tracing with the Sox9-CreER transgenic line that
robustly labels all HF cell populations (36) but not the TD, we
unequivocally show that the HF does not contribute to TD
keratinocyte maintenance in the adult skin. Together, our
work has uncovered that—although TD cells express several
HF lineage genes and during development come from HF cells
(7)—the TD is an autonomous epidermal compartment that
functions independently of the IFE and HF to maintain itself
in the adult homeostatic skin.

During development, MCs originate from embryonic epidermal
progenitors, specifically from the inside of the developing HFs (7).
However, MC turnover and regeneration in the adult mouse skin
have remained a point of contention for many years. While some
lineage tracing studies report that MC numbers vary during the hair
cycle and they are regularly replaced postnatally (9, 18-21), others
conclude that MCs are long-lived with little to no turnover rate in
the adult skin (22). Our lineage tracing studies with Tnc-CreER;
R26"1™3° animals were exclusively performed after animals reached
full maturity, and we did not observe that TNC-expressing TD kera-
tinocytes give rise to MCs. Although the infliction of a mild injury
results in a decrease in MCs, we did not detect any proliferation in
the MCs. However, mild injury-induced TD keratinocyte prolifera-
tion and lineage tracing confirmed TD keratinocytes as MC pro-
genitors in the adult skin. It is of note that lineage tracing studies
reporting MC turnover were induced in young adult mice before
reaching maturity at P50 (2I). The epidermis undergoes many
changes to adapt to the growing size of the organism until P50 (48).
Therefore, the discrepancies between MC regeneration pre- and
post-P50 lineage tracing studies could be attributed to the fact that
epidermal compartments behave differently during these stages of
adulthood. Further investigation regarding TD and MC dynamics
in the epidermis of young adults versus fully mature animals will
allow us to tease apart these differences.

One of the major challenges of regenerative medicine is
the induction of complex epithelial structures from a singular
source of progenitors. Our study demonstrates that the TD
keratinocytes encompass unique EpSCs that exhibit charac-
teristics of other epidermal lineages and therefore can
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potentially be manipulated to establish a complex epithelial
structure composed of all epidermal appendages. Age-dependent
loss of MCs has been linked to alloknesis, a condition where light
touch invokes itch (49-51). Therefore, harnessing the TD’s po-
tential to regenerate MCs could be beneficial for alleviating
chronic itch. Furthermore, cutaneous carcinomas such as basal
cell carcinoma have been shown to originate from epidermal
lineages including the TD (10, 52), and MC carcinoma has
been speculated to arise from MC progenitors in the adult skin
(53, 54). Therefore, dissecting the dynamics, function, and
molecular characteristics of these specialized epidermal cells
not only has implications in cancer therapeutics and regenera-
tive medicine but also will aid in our understanding of adult
tissue biology.

MATERIALS AND METHODS

Mice

Mice were housed in the Center for Comparative Medicine and Sur-
gery at Icahn School of Medicine at Mount Sinai (ISMMS) in accor-
dance with the Institutional Animal Care and Use Committee with
approved protocol LA11-0020 or at the Preclinical Laboratory Ani-
mal Facility at Karolinska University Hospital in Huddinge, Sweden,
in accordance with Swedish legislation and approved by the Link6ping
Animal Ethics Committees. Thc-CreER mice were gifted by C.M. Hao
and A.B. Fogo (15), Gli-CreER™ were received from F. Aberger (55),
Sox9-CreER mice were gifted by T. Chen (36), and Tnc™~ KO mice
were gifted by B.G. Sharifi. (ROSA)26Sor™#ACTE-1dTomato-EGEP)Luo
(stock number: 007676) and (ROSA)26Sor" ™ #(CAG-tdTomato)Hze /(o)
number: 007914) mice were obtained from The Jackson Laboratory.
Mice were genotyped by PCR using DNA extracted from ear skin.
Three animals from at least two independent litters were used for
each analysis, except for scRNA-seq studies wherein a total of four
animals were processed on two different days.

Lineage tracing experiments

To induce TOMATO expression in Tnc-CreER; R26"7™ mice,
animals were injected intraperitoneally with 100 pg/g body weight
of TAM (20 mg/ml dissolved in corn oil) (Sigma-Aldrich, St. Louis,
MO) daily for two consecutive days starting at P51 and then col-
lected at desired time points as indicated in the figures. To detect
leaky Cre activity Tnc-CreER; R26'7"% mice, animals were in-
jected intraperitoneally with 100 pl of corn oil daily for two con-
secutive days starting at P51 and then collected at desired time
points as indicated in the figures. For inducing GFP expression in
Sox9-CreER; R26™™C mice, animals were injected intraperitone-
ally with 100 pg/g body weight of TAM daily for three consecutive
days starting at P51 and then collected at desired time points as indi-
cated in the figures. To cause mild injury, Tnc-CreER; R26'7™'
mice were either waxed once 6 days post-induction.

IF, in situ hybridization, and microscopy

For IF staining, tissues were collected and embedded into opti-
mal cutting temperature (OCT) compound blocks (Tissue-Tek,
Torrance, CA) and subsequently cut into 10-pm sections using a
Leica Cryostat. Slides were fixed for 10 min in 4% paraformaldehyde
(PFA; Electron Microscopy Sciences) in phosphate-buffered saline
(PBS) and blocked for 1 hour at room temperature or overnight at 4°C in
PBS with blocking solution [1% Triton X-100, 1% bovine serum
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albumin (BSA), and 0.25% normal donkey serum]. Primary antibodies
were diluted in blocking solution, and incubations were carried out for 1
hour at room temperature or overnight at 4°C, followed by incubation
in secondary antibodies for 1 hour at room temperature. Slides were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) and
mounted using antifade mounting media. In situ hybridization for Thc
was performed using RNAscope probes and a 2.5HD-RED detection kit
(Advanced Cell Diagnostics), according to the manufacturer’s protocol.

For whole-mount IF staining, back skins were collected and fixed
in 4% PFA for 3 hours at room temperature and followed up with
four washes with 1x PBS. Skins were blocked overnight in blocking
solution. Primary antibodies diluted in blocking solution were incu-
bated for 72 hours at room temperature, followed by incubation in
secondary antibodies for 48 hours at room temperature. Skins were
counterstained with DAPI followed by tissue clearing protocol using
benzyl alcohol/benzyl benzoate (BA/BB). Skins were dehydrated by
methanol followed by tissue clearing by 1:2 BA/BB and mounted on
slides. Skin sections or whole-mount tissues were imaged using a
Leica DM5500 upright slide microscope using 10X, 20X, or 40X
objectives.

Antibodies

The following primary antibodies were used: KRT8 (Developmental
Studies Hybridoma Bank, TROMA-1, 1:500), KRT17 (Abcam,
ab109725, 1:500), KRT5 (BioLegend, 905901, 1:500), TNC (Sigma-
Aldrich, AB19011, 1:250), GFP (Abcam, ab13970, 1:1000), SOX9
(Abcam, ab185966, 1:500), TOMATO (OriGene, AB8181-200,
1:500), NF200 (Abcam, ab8135, 1:500), LHX2 (Abcam, ab184337,
1:500), and Ki67 (Abcam, ab15580, 1:500). For IF staining, sec-
ondary antibodies were coupled with Alexa Fluor 488, 549, or 649
from Jackson ImmunoResearch (1:1000).

EdU pulse-chase experiment

Mice were injected with 125 pg of EAU in solution (40). Skin samples
were collected 2 hours after injection and embedded in OCT. Slides
were cut into sections using a Leica Cryostat and stored at —80°C
until use. Slides were fixed in 4% PFA and permeabilized using 0.5%
Triton X-100, followed by washes with 3% BSA and a 30-min
incubation with a Click-iT reaction cocktail (Thermo Fisher
Scientific, C10337). Slides were washed twice before proceeding
with IF staining as described above.

Quantification and statistics

Quantification of MCs per TD or TD cells was performed by manu-
ally counting all positively stained and costained cells from each
section examined. The mean proportion of costained cells for each
animal was calculated and used in statistical analysis. Statistical cal-
culations were performed using GraphPad Prism software. To de-
termine the significance between the two groups, an unpaired ¢ test
was used. Nonparametric one-way analysis of variance (ANOVA;
Kruskal-Wallis test) or ordinary one-way ANOVA (Dunnett’s mul-
tiple comparisons test) was conducted to compare means between
several experimental groups or against a single control group, re-
spectively. For all statistical tests, P < 0.05 was considered for statis-
tical significance, and the actual P values (to four decimal places) are
provided in the figure legends. Significance levels were defined as
*P < 0.05, ¥*P < 0.001, ***P < 0.001, ****P < 0.0001, and ns (not
significant). The number of biological replicates for each sample
group is indicated in figure legends.

90f13



SCIENCE ADVANCES | RESEARCH ARTICLE

FACS for bulk RNA- and ATAC-seq experiments

Basal epidermis and HF cells were isolated and pooled from multi-
ple P60 Tnc-CreER R26"™ mice which were TAM-injected two
times at P51 and 52 by FACS. Briefly, P60 Tnc-CreER; R26™Tma%
back skins were separated from the back of mice, scrapped of fat at
dermis side, and incubated for 1 hour in 0.25% trypsin with 1 mM
EDTA (Corning Cellgro, Manassas, Virginia, USA). Epidermal and
HE cells were scraped off the back skin, passed through a 40-pm cell
strainer, and collected.

The cell suspension was stained in Hanks’ balanced salt solution
(HBSS) + 2% fetal bovine serum with 1:100 SCA1-Cy7 (BioLegend),
1:100 a6 integrin—fluorescein isothiocyanate (BioLegend), and
1:500 Ep-CAM-Allophycocyanin) (BioLegend) for 30 min on ice and
washed twice with 1x HBSS before cell sorting in HBSS with
DAPL TD cells were sorted as Ep-CAM*, SCA-1%, a6 integrin®,
and TOMATO™. IFE cells were sorted as Ep-CAM™, a6 integrin™,
SCA-17, and TOMATO™. HF cells were sorted as Ep-CAM™*, a6
integrin®, SCA-17, and TOMATO™. All cell isolations were per-
formed on a FACS IMI5L instrument (BD Biosciences) in the
Flow Cytometry Core Facility at the Icahn School of Medicine at
Mount Sinai.

RNA purification, RT-qPCR, and RNA-seq library preparation

A total of 50,000 FACS-purified cells were collected directly into the
RLT Plus buffer (QIAGEN), and RNA was purified from these sort-
ed cells with the RNeasy Plus Micro Kit (QIAGEN) according to the

manufacturer’s instructions. To perform RT-qPCR, cDNA was
reverse-transcribed from 50 ng of total RNA using qScript cDNA
SuperMix (Quanta Biosciences, Gaithersburg, Maryland, USA).
Results were normalized to GAPDH mRNA levels. Primer se-
quences are available below (Table 1). Before library construction,
sample quality was measured using an Agilent Bioanalyzer. Only
samples with RNA integrity numbers of >8 were used for library
preparation.

For generating RNA-seq libraries, 50 ng of total RNA was sub-
jected to polyadenylate selection using Universal Plus mRNA-Seq
with NuQuant (TECAN). Following elution, mRNA was subjected
to fragmentation at 94°C for 8 min. First strand, second-strand
cDNA synthesis, end repair, adapter ligation, and amplification were
carried out using Universal Plus mRNA-Seq with NuQuant (TECAN)
and by following the manufacturer’s instructions.

scRNA-seq experiments and data analysis

Gli1-Cre™2; Rosa26'™™"° mice aged 7 weeks (second telogen)
were treated twice with 3 mg of TAM intraperitoneally in corn oil
(20 mg/ml) with 1 day in between the two injections. Seven days
later, epidermal cells were isolated as described previously (33).
Briefly, clipped and disinfected dorsal skin was isolated, dermal and
adipose tissue was removed, and strips of skin were floated on trypsin
for 2 hours at 32°C. Epidermal tissue was subsequently scraped into
Minimum Essential Medium Eagle-Spinner modification (S-MEM)
media/1% BSA, and single cells were isolated by magnetic stirring at

Table 1. List of primers for qPCR validation. Fw, forward; Ry, reverse.

Krt10 Fw AACTCTACTGGGAGTTCAGG
Krt10 Rv GATTTTCTTGAGGACCCCAC
Gli1 Fw GTCAGGGTCCCAGGGTTATG
Gli1 Rv GAGAGCCCGCTTCTTTGTTA
Pou3f1 Fw AGTTCGCCAAGCAGTTCAAG
Pou3f1 Rv TGGTCTGCGAGAACACGTTA
KRT10 Fw GGAGGGTAAAATCAAGGAGTGGTA
KRT10 Rv TCAATCTGCAGCAGCACGTT
Ascl2 Fw GGAGCTGCTTGACTTTTCCA
Ascl2 Rv GTAAGGCATAGGCCCAGGTT
GAPDH Fw GTGAAGGTCGGTGTGAACG
GAPDH Rv TCTCCATGGTGGTGAAGACA
PPIB Fw GTGAGCGCTTCCCAGATGAGA
PPIB Rv TGCCGGAGTCGACAATGATG
CD34 Fw CAAGTTGTGGTGGGAAGAA
CD34 Rv GAGGCGAGAGAGGAGAAA
Lhx2 Fw CTGGGTCTTCCCTACTACAA
Lhx2 Rv TTCAGCATCGTTCTCGTTAC
Fgf18 Fw CCAAGTACTCTGGTTGGTATG
Fgf18 Rv GTGTACATCTTGCTGGTTCT
NFATc1 Fw GGTGCCTTTTGCGAGCAGTATC
NFATc1 Rv CGTATGGACCAGAATGTGACGG
FOXc1 Fw GCAGAACAGCATACGGCACAAC
FOXc1 Rv AGGAAGCTGCCGTTCTCGAACA
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120 rpm for 20 min at room temperature. The resulting cell suspen-
sion was filtered through 70- and 40-pm cell strainers and resuspended
in Defined Keratinocyte Serum-free Medium without supplement
(DK-SFM; Gibco, #10744019). Cells were stained for FACS with
SCA-1 (rat monoclonal anti—-SCA-1; BD Biosciences, catalog no.
561021) and CD34 (rat monoclonal anti-CD34; Thermo Fisher
Scientific, catalog no. 14-0341-85; RRID: AB_467211) antibodies
for 1 hour on ice, sorted into Poly(hydroxyethyl methacrylate)-
coated tubes containing DK-SFM, and stored on ice until capturing.
Before capturing, the cell suspension was carefully resuspended and
twice passed through a 20-pm cell strainer. Cells from four inde-
pendent mice, processed on two different days (two mice/day), were
FACS-sorted, sequenced, and analyzed. All procedures concerning
cell capturing, quality control of captured cells, single-cell cDNA
synthesis, tagmentation and isolation of 5’ fragments, Illumina
sequencing, processing of sequencing reads, and yield and quality of
sequencing were performed as previously described (13).

Analysis of scRNA-seq data

The following steps were performed to analyze the sir&gle—cell mRNA
sequencing data of Glil™ sorted progeny (Gli1™®*). A detailed
description of every step is provided in a previous study (13). Single-
cell transcriptomes with less than 2000 unique transcriptomes were
removed from the dataset before clustering. After this step, 84 tran-
scriptomes derived from Gli1™®™*/SCA-1* and 97 transcriptomes
from Gli1"®™*/SCA-1" cells remained in the dataset.

A negative binominal noise model was used to select the 2500
most variable genes. Unsupervised clustering based on Pearson
correlation distances between 181 Gli1™* single-cell transcrip-
tomes was subsequently performed with affinity propagation. Five
robust cell clusters were identified.

To identify genes that are most highly induced in TD, in com-
parison to IFE basal (IFE) and HF bulge cells (HFBU) (Fig. 1D), the
following Bayesian negative binomial regression model was created

H = PpaselineXBaseline + ProX¥tp + PreeXiee + PursuXursu

where the expression of a gene p is modeled as the linear combination of
the baseline expression predictor Bpaseline that is proportional to the total
number of molecules expressed in a cell and the cell type-specific binary
expression predictors Brp, Pres, and Pupsu. Included in the model were
55 TD cells identified in the clustering of Gli1"™®™* cells, 228 IFE basal
cells (IFE BIand IFE B IT) from a previous study (13), and 113 HF bulge
cells consisting of both Gli1 ™ cells and outer bulge cells (OB III) from
a previous study (13). A gene was considered induced in a population x
if its population-specific predictor P, exceeded the baseline predictor
Baseline With at least 99.9% posterior probability. Dimensionality reduc-
tion with Uniform Manifold Approximation and Projection (UMAP)
was performed in Scanpy (1.8.2) (56).

RNA-seq analysis and data visualization

RNA-seq reads were aligned to the mouse reference genome
(mm39) using STAR aligner (v2.7.9a) (57). Expression levels of in-
dividual genes (from the Ensembl annotation v105, both coding and
noncoding) were quantified using the RSEM software (v1.3.3) to
estimate counts and TPMs (transcript per million) (58). Differential
expression analysis was performed using DESeq2 (v1.38.2) after
genes with TPM < 1 in all samples were excluded. Genes reaching
multiple tests adjusted P value < 0.05 and absolute fold change > 1.5
were considered to be significantly differentially expressed. The gene
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read counts after log transformation were also used to compute the
Pearson correlation between samples, which were used for sampling
clustering.

Assay for ATAC-seq library preparation, analysis, and

data visualization

A total of 50,000 FACS-purified cells were collected directly into E-
media. Cell sample preparation, tagmentation, and PCR amplification
of tagmented DNA were done using the ATAC-seq kit (Active Mo-
tif) and following the manufacturer’s instructions.

Paired-end ATAC-seq reads were trimmed with trim_galore
(v0.6.7; https://github.com/FelixKrueger/TrimGalore) and then
mapped to the mouse genome (mml0) using the Bowtie2
(v2.4.5; option -X 2000 —-no-mixed —no-discordant) (59). Read
pairs of mapping score > 20 were kept for analysis, and dupli-
cated reads due to PCR amplification were removed by SAM-
tools (v1.9) (60). MACS2 (v 2.2.7.1) was used to call peaks in
paired-end mode and default options (61). ATAC-seq peaks
from all samples were merged. Reads from individual samples
located at the merged peaks were computed and used for sample
clustering and differential accessibility analysis using DESeq2,
with significance set to false discovery rate < 5% and fold
changes > 1.5. Read coverage was computed with the IGV tools
and used for visualization at IGV (62).

Supplementary Materials
This PDF file includes:

Figs.S1to S5

Tables S1to S3
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