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Hair-Follicle Mesenchymal Stem Cell Activity
during Homeostasis and Wound Healing

Emil Aamar', Efrat Avigad Laron', Wisal Asaad', Sarina Harshuk-Shabso' and
David Enshell-Seijffers'

The mesenchymal components of the hair follicle—the dermal papilla (DP) and dermal sheath (DS)—are
maintained by hair follicle dermal stem cells, but the position of this stem cell population throughout the hair
cycle, its contribution to the maintenance of the dermis, and the existence of a migratory axis from the DP to
the dermis remain unclear. In this study, we show that during homeostasis DP and DS cells are confined to their
compartments, and during the regression phase of the hair cycle, some DP/DS cells undergo apoptosis and
subsequently are internalized by nearby adipocytes. In contrast, during wound healing, DP/DS cells move
toward the wound but do not directly participate in follicle neogenesis. Furthermore, hair follicle dermal stem
cells, driving the cyclic renewal of the DS during the hair cycle, are heterogeneous and are housed during the
growth phase within the most proximal part of the DS. Our analysis provides insight into the mechanisms of

tissue maintenance and reveals a potential function of adipocytes in phagocytosis.
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INTRODUCTION

Hair follicles (HFs) undergo cycles of growth (i.e., anagen),
destruction (i.e., catagen), quiescence (i.e., telogen), and
regeneration (Botchkarev and Kishimoto, 2003; Millar, 2002;
Stenn and Paus, 2001). During anagen, concentric layers of
epithelial cells that include the hair shaft, the inner root
sheath, and the outer root sheath constitute the mature HF
(Stenn and Paus, 2001). At the base of the follicle, a mesen-
chymal group of cells known as the dermal papilla (DP) is
embedded in the hair bulb and is surrounded by proliferating
keratinocytes collectively called matrix progenitor cells
(Legué and Nicolas, 2005). The DP regulates the duration of
hair growth by orchestrating the activity and behavior of the
overlying matrix progenitor cells (Enshell-Seijffers et al.,
2010a; Harshuk-Shabso et al., 2020). Toward the end of the
anagen phase, the DP dampens the activity of matrix cells,
and consequently, proliferation in the hair matrix ceases
(Harshuk-Shabso et al., 2020). Differentiation of some cells
within the matrix forms the terminal structure of the hair club,
while the rest of the matrix cells undergo programmed cell
death as the catagen phase ensues (Ito et al., 2004). During
the catagen phase, the majority of the lower outer root sheath
undergo apoptosis, while the follicle regresses (Mesa et al.,
2015). Consequently, cells within the upper outer root
sheath collapse around the proximal end of the hair and form
the bulge region and the secondary germ (Hsu et al., 2011;
Ito et al., 2004). The DP survives the apoptotic milieu and is
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drawn up with the regressing epithelial strand to lie beneath
the secondary germ. A quiescent phase of variable length
precedes the induction of a new cycle and regeneration of
the lower follicle. Both anagen induction and regeneration
require the inductive and instructive activity of the DP
(Avigad Laron et al., 2018; Chi et al., 2013; Enshell-Seijffers
et al., 2010a; Rompolas et al., 2012).

An additional mesenchymal component of the HF is a thin
layer of dermal sheath (DS) cells that encapsulates the HF
during the anagen phase (Jahoda, 2003; Martino et al., 2021)
and plays an important role in follicle regression (Heitman
et al., 2020). This DS compartment is classified into two
domains: the DS cup (DSC) that surrounds the bulb region
and the distal DS (DDS) that encloses the outer root sheath up
to the bulge region (McElwee et al., 2003). During catagen,
DS cells in both compartments undergo apoptosis. Few DS
cells survive, and during telogen, these preserved DS cells
reside at the periphery of the DP (Rahmani et al., 2014). At
anagen onset, these DS cells proliferate to reconstitute the DS
compartment. Cell lineage analysis of DS cells clearly
demonstrated that the cyclic expansion and reduction of the
DS compartment require the presence of DS mesenchymal
stem cells, termed HF dermal stem cells (hfDSCs), which are
able to self-renew and regenerate the DS compartment
(Rahmani et al., 2014).

In contrast to the DS compartment, very little proliferation
or apoptosis is observed within the DP (Tobin et al., 2003a,
2003b). Yet, DP cell number fluctuates substantially during
the hair cycle, peaking at mid anagen and declining by half
during the transition from anagen to telogen (Tobin et al.,
2003a). Cell immigration and emigration between the DS
and DP compartments during the hair cycle has been shown
mostly in depilation experiments to account at least in part
for this fluctuation of DP size (Chi et al., 2010; Rahmani
et al., 2014; Tobin et al., 2003a, 2003b). Whereas hfDSCs
during early anagen contribute new cells to the DP in addi-
tion to regenerating the DS, DS-recruited DP cells during
catagen have been suggested to segregate from the DP and
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reintegrate within the telogen DS stem cell niche (Rahmani
et al.,, 2014). However, the extent to which this bidirec-
tional migration accounts for the extensive fluctuation of DP
cell number during the hair cycle remains unclear. Intrigu-
ingly, microscopy analysis previously revealed that some DS
cells detach from the follicle during catagen (Tobin et al.,
2003a), suggesting that stem cells within the mesenchymal
compartments of the follicle contribute to the maintenance of
the dermis during homeostasis and that a unidirectional tra-
jectory of migration and transdifferentiation from DP to DS to
dermis may also occur (Jahoda, 2003). In support of these
hypotheses, cell lineage analysis of DS cells using the alpha-
smooth muscle actin (aSMA)-creRT2 mouse line has recently
suggested that hfDSCs contribute new fibroblasts to the
dermis and that this contribution is further exacerbated when
B-catenin is forcedly activated in the DS (Tao et al., 2019). In
contrast, other studies that label DS cells, either by the same
aSMA-creRT2 mouse line or by the Acan-creER mouse line,
did not report the detection of such contribution (Gonzalez
et al., 2017; Heitman et al., 2020; Rahmani et al., 2014;
Shin et al., 2020), challenging its occurrence. Furthermore,
cell lineage analysis of DP cells, using the Prom1-creRT2
mouse line, suggested that during homeostasis, DP cells
remain confined to the DP compartment (Kaushal et al.,
2015). However, the partial labeling of the DP compart-
ment, which is intrinsic to the method used in that study, and
the cellular heterogeneity within the DP (Yang et al., 2017)
preclude the adequate analysis to test unequivocally the
contribution of the DP to the maintenance of the dermis
during homeostasis.

The physical proximity of hfDSCs to the DP during telogen
allows hfDSCs to bipotently contribute to both the DS and DP
during early anagen (Rahmani et al., 2014). However, the
morphological reorganization of the HF during regeneration
requires the relocation of these hfDSCs and concomitantly
the maintenance of their stemness. Clonal analysis of DS
cells suggested that whereas hfDSCs reside within the pe-
riphery of the DP during telogen, during anagen, this stem
cell population is relocated to surround the hair bulb and
reside within the DSC (Rahmani et al., 2014). However, the
method used in that study to label the DS compartment did
not distinguish between the DDS and DSC, and therefore, the
location of hfDSCs in the DSC during anagen could not be
tested directly. In this study, we have generated a mouse line
that allows the specific labeling of DP and DSC cells to fate
map their lineages during homeostasis and wound repair.

RESULTS

DP and DS cells are confined to the mesenchymal
compartments of the HF during homeostasis

To endogenously label cells within the DP and DSC in an
inducible manner, the Corin locus that is expressed specif-
ically in the DP and DSC during the anagen phase of the hair
cycle (Enshell-Seijffers et al., 2008, 2010b) was exploited to
generate a knock-in mouse line (i.e., Corin-CreRT2) that ex-
presses the tamoxifen-inducible cre recombinase (i.e.,
CreRT2) in the DP and DSC. For lineage tracing, mice ho-
mozygous for the Corin-CreRT2 allele and heterozygous for
the r26EGFP reporter allele (Madisen et al., 2010) were
generated and administered with tamoxifen. Tamoxifen was
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intraperitoneally injected during the early anagen of the first
cycle once a day for 3 days (on postnatal day [P] 8, P9, and
P10) (Figure Ta). To test the labeling efficiency, injected mice
were harvested on P12, 2 days after the last injection
(Figure 1b). In contrast to the partial labeling of DP cells by
the Prom1-creRT2 mouse line (Kaushal et al., 2015), all DP
cells in all follicles were apparently GFP labeled. In addition,
partial labeling was observed in the DSC. As expected, no
label was found in other parts of the dermis or in the
epithelial compartment. Furthermore, no GFP labeling was
found in littermate controls injected with a vehicle without
tamoxifen (Figure 1c), demonstrating that the CreRT2 in the
Corin-CreRT2 line has no tamoxifen-independent activity.

Tamoxifen-injected mice were followed for five subse-
quent hair cycles (Figure Ta). Whereas the first and second
hair cycles are highly synchronized, anagen induction of the
third and later cycles is stochastic and occurs in patches
(Plikus et al., 2008). Furthermore, in contrast to the telogen
of the first cycle that lasts for a few days, the telogen dura-
tion of the second and later cycles varies substantially be-
tween mice and persists for weeks or even months (Plikus
et al., 2008). To overcome the very long telogen of the
second cycle and the unsynchronized nature of the
following cycles, anagen was artificially induced by depi-
lation 1 week after the follicles entered the telogen phase of
the second and subsequent cycles. Mice were depilated
repeatedly three times to complete altogether five cycles
(Figure Ta). At the telogen of the first cycle (Figure 1d), GFP-
positive cells were observed as a single group of cells at the
bottom of the telogen follicle and were completely absent
from the upper interfollicular dermis (papillary dermis).
Furthermore, immunostaining with anti-ITGA8, a marker for
telogen DS (Rahmani et al., 2014), illustrates the presence of
labeled DS cells lining the DP (Figure Te), suggesting that
some DSC cells survive the catagen phase and relocate to
envelope the DP during telogen. This restricted labeling of
GFP to the DP and DS compartments persisted even after
five hair cycles (Figure 1f). To exclude the confounding ef-
fects that might be caused by depilation and to trace the DP/
DS fate map throughout the mouse life span under physio-
logical conditions, tamoxifen-injected, undepilated mice
aged 25 months at telogen were also analyzed. Similarly,
GFP expression was confined only to the DP and DS
(Supplementary Figure STa). Together, these data suggest
that DP and DS cells during homeostasis are committed to
their compartments, that they physically constitute a single
mesenchymal entity, and that they do not migrate to repo-
pulate the dermis or to transdifferentiate to other types of
mesenchymal cells.

Apoptotic cells within the DS/DP compartment during the
regression phase are internalized by adipocytes

In contrast to the papillary dermis, GFP labeling was
observed during telogen within the dermis in a very restricted
plane beneath the zone of the HFs called panniculus adi-
posus (Figure 1d). However, this GFP labeling at the pan-
niculus adiposus did not resemble coherent whole cells but
instead appeared more like fragments of apoptotic cells. To
track the formation of these GFP-labeled cell fragments,
TUNEL staining was performed during the catagen of the first
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Figure 1. DP and DSC cells do not migrate from their compartments to other parts of the dermis. (a) Schematic representation of the experimental protocol
over multiple and consecutive hair cycles. Above, the times of tamoxifen injection (red syringes) are shown. Below, arrows indicate the times of depilation, and
arrowheads mark the times of skin collection with a reference to the figure panels showing the relevant skin sections and analysis. (b, c) Skin sections of (b)
tamoxifen- and (c) vehicle-injected mice, 2 days after the last injection. Note that all DP cells and most DSC cells are GFP labeled (green) in the tamoxifen-
injected mouse, whereas no labeling is observed in the control. The panel on the right side in b shows a higher magnification of the field enclosed by the white
dashed rectangle. n = 5 mice for vehicle and n = 5 mice for tamoxifen injected. Bar = 200 um. (d) A skin section of a tamoxifen-injected mouse showing the
cell fate of GFP-labeled cells at the telogen of the first cycle. The panel on the right side shows a higher magnification of the field in the white dashed rectangle to
illustrate that DP and DS cells constitute a single compartment during telogen and that no migration from this compartment to other parts of the upper dermis
occurs during the first cycle. However, note that GFP-labeled fragments in the panniculus adiposus are observed (see text). n = 5 mice. Bar = 200 pm on the left
and 100 um on the right. (e) A telogen follicle on P20 (first cycle) immunostained for ITGA8 (red) is shown to illustrate GFP-labeled DS cells. The same follicle is
shown on the left, middle, and right panels. White arrowheads indicate ITGA8/GFP double-positive cells. Bar = 10 pm. (f) Cell lineage analysis after five hair
cycles revealed similar observations. n = 3 mice. Bar = 200 um on the left and 100 pm on the right. In d and f, the basal layer of the epidermis and the ORS of
hair follicles were labeled with anti-K14 (red). Nuclei are in blue (DAPI). Sections were imaged with an upright fluorescence apotome microscope except for
that in e, which was taken with a confocal microscope. Ana, anagen; Cat, catagen; DP, dermal papilla; DSC, dermal sheath cup; K14, keratin 14; ORS, outer
root sheath; P, postnatal day.

cycle. This clearly illustrates that GFP-labeled cells undergo  colocalized with the GFP-labeled cell fragments during the
apoptosis (Figure 2a), consistent with the observation that DS transition from catagen to telogen, supporting that the GFP
cells undergo apoptosis during catagen (Rahmani et al., fragments are internalized by adipocytes (Figure 2b and
2014). Immunostaining for mature adipocyte markers such  Supplementary Figure S2a). This was further corroborated by
as perilipin and caveolin revealed that these markers are  Z-stack confocal analysis (Supplementary Figure S2b). Close
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Figure 2. GFP-labeled cells undergo apoptosis during catagen and subsequently are internalized by nearby adipocytes. (a) TUNEL staining (red) of skin sections
during the catagen of the first cycle is shown. Different HFs at distinct stages of catagen are depicted. n = 5 mice. Bar = 50 pum in the upper panels. Higher
magnifications of the fields framed within the dashed white rectangles are shown in the panels below, respectively. Bar = 20 pm. Note that apoptosis is readily
observed within the regressing epithelial strand throughout the catagen phase. In contrast, apoptosis within the GFP-labeled cells (green) is detected from mid
catagen and only in labeled cells that lag behind the regressing DP. No TUNEL-positive stain is found in the DP. The panel in the right bottom corner is a higher
magnification of a region beneath the regressing DP. Arrows indicate TUNEL-positive stain within a cloud of GFP, and arrowheads designate TUNEL and GFP
colocalization. Bar = 5 pm. DAPI labels nuclei (blue). (b) The GFP-labeled fragments colocalize with the panniculus adiposus layer specifically labeled with
anti-Caveolin (red). n = 3 mice. Bar = 100 pm. The panels below show higher magnifications of two selected fields enclosed with white dashed rectangles in the
upper panel. Bar = 25 um. Note the colocalization of some of the GFP-labeled remnants with the caveolin-stained adipocyte cells, suggesting that the fragments
are being engulfed and cleared by these cells. (c) High magnifications of the same field with only two adipocytes are shown to illustrate that the internalized
GFP-labeled fragments contain DNA, suggesting that these fragments are apoptotic bodies. On the left panel, both GFP and DAPI are shown, and on the right,
only DAPI is displayed. Note the small GFP and DAPI double-positive fragments versus the big adipocyte GFP-negative DAPI-positive nucleus. The white star
(asterisk) indicates the adipocyte nucleus. Bar = 5 um. Sections were imaged with a confocal microscope except for that in b, which was taken with an upright
fluorescence apotome microscope. DP, dermal papilla; HF, hair follicle.

inspection of the GFP fragments revealed that these labeled
fragments contain DNA, suggesting that the GFP-labeled
fragments are internalized apoptotic bodies (Figure 2c).
Together, these data suggest that adipocytes play an impor-
tant role as nonprofessional phagocytes that ingest and clear
DS/DP cells undergoing apoptosis during the regression
phase.
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DS stem cells are relocated to and reside in the DSC during
the growth phase

Previously, cell lineage analysis revealed that hfDSCs reside
at the boundaries of the DP during telogen (Rahmani et al.,
2014). The same analysis also suggested that the DSC
compartment functions as a niche for hfDSCs during anagen.
As the labeling protocol, developed in our study, allows the



GFP labeling of DS cells predominantly within the DSC
compartment (Figure 1b), this hypothesis can be addressed
directly. The presence of GFP-labeled cells in the DS
compartment during the telogen of the first cycle indicates
that DSC cells survive the apoptotic microenvironment dur-
ing catagen and contribute to the formation of the DS
compartment during telogen (Figure Te). However, because
the exact proportion of hfDSCs within the telogen DS remains
unclear (Rahmani et al., 2014), the stemness nature of the
labeled DS cells in the telogen DS found in our study is
obscure. Furthermore, the DSC labeling method by the
Corin-creRT2 is only partial, and therefore, the stemness
identity of the labeled DS cells in the DSC remains elusive.
Because hfDSCs are the source for the expansion and
reconstitution of the DS compartment during every cycle
(Rahmani et al., 2014), the number of labeled DS cells
during anagen outside the DSC is predicted to progressively
increase from cycle to cycle if hfDSCs reside within the DSC
during anagen and are labeled. To test this prediction,
tamoxifen was injected during the early anagen of the first
cycle when labeling is restricted to the DSC, and the pres-
ence of labeled DS cells within the DDS was followed
through four successive cycles (Figure 3a). Indeed, a pro-
gressive incline of labeled DS cells from cycle to cycle was
observed in the DDS compartment (Figure 3b—f and
Supplementary Figure S3a—f), supporting the hypothesis
that hfDSCs exchange locations during the hair cycle and
are relocated from the periphery of the DP during telogen to
the margins of the bulb during anagen.

Note that our experimental protocol included two rounds
of depilation (Figure 3a). To exclude the possibility that the
increase in GFP-labeled cells in the DDS reflects a wound
response to depilation, a spontaneous anagen skin of
undepilated mice aged 18 months was tested
(Supplementary Figure S1b). Cross-sectional analysis
through the patches of anagen skin revealed extensive GFP
labeling in the DDS of anagen follicles (Supplementary
Figure S1c) comparable with that in the experimental pro-
tocol with depilation. This illustrates not only that the in-
crease of GFP labeling in the DDS is a consequence of
physiological maintenance of the DS by hfDSCs but also
suggests that hfDSCs are efficiently maintained throughout
adult life. To directly assess the maintenance of hfDSCs
during aging, the number of ITGA8 and GFP double-positive
cells in the telogen DS was compared between young (aged
~2 months; second telogen) and old (aged >18 months)
mice (Figure 3g and h and Supplementary Figures S1d and e
and S3g). No differences in the number of double-positive
cells between young and old mice were detected—neither
in the proportion of follicles with labeled DS cells (which
was 100% regardless of the mouse age) nor in the number of
labeled DS cells per follicle (Figure 3g and h and
Supplementary Figure S3g). This clearly suggests that
hfDSCs are efficiently maintained during aging.

aSMA and Corin levels are heterogeneous in the DSC

Regardless of the cycle, the number of labeled DS cells was
always higher in more proximal regions of the DS compart-
ment than in distal parts, and this gradient along the prox-
imal—distal axis progresses from cycle to cycle toward the
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distal end (Figure 3). Such gradient was not reported in the
cell lineage tracing analysis previously performed with the
aSMA-creRT2 mouse line, in which labeled DS cells were
found all over the DS compartment and appeared to be
distributed evenly within the middle part of the HF (Gonzalez
et al.,, 2017; Rahmani et al., 2014; Shin et al., 2020).
Furthermore, although the cell lineage analysis with the
aSMA-creRT2 mouse line supports a model of hfDSC
exhaustion in which the number of hfDSCs declines during
aging (Shin et al., 2020), our analysis suggests that hfDSCs are
persistently maintained throughout adult life. To explore the
underlying mechanism of these differences, the DSC labeling
by the Corin-creRT2 method was further analyzed.

To determine whether the partial labeling of the DSC fol-
lows a random behavior of cre activity or may reflect a
cellular heterogeneity within the DSC, Corin expression was
carefully re-examined. Whereas in situ hybridization for
Corin on P12 (Figure 4a) confirmed that Corin transcripts are
detected only in the DP (Enshell-Seijffers et al., 2008), im-
munostaining for Corin (Figure 4b) reillustrated that Corin is
expressed also in the DSC (Enshell-Seijffers et al., 2010b),
albeit at substantially lower levels. This discrepancy between
Corin in situ hybridization and immunostaining suggests that
Corin expression in the DSC is too low to be detected by the
former. Furthermore, by manipulating the conditions and
image exposure of Corin immunostaining, the heterogeneous
nature of Corin expression was revealed (Figure 4b, middle
and right panels). Within the DP, Corin proteins create a
gradient along the distal-proximal axis of the DP. However,
within the DSC, the levels of Corin protein unorderly vary,
demonstrating the presence of Corin-low and Corin-high
DSC cell populations. To further corroborate this heteroge-
neity, we exploited the mCherry-H2B fluorescent gene that
was also inserted into the Corin locus of the Corin-creRT2
line to mark DP and DSC cells in a cre-independent manner
(Supplementary Figures S4 and S5). Whereas a gradient of
nuclear mCherry-H2B was readily observed within the DP,
nuclear mCherry-H2B in some cells of the DSC was detected
only when the image is overly exposed (Supplementary
Figure S5a). Furthermore, nuclear mCherry-H2B has never
been found in the DDS throughout this study, further
corroborating that Corin expression is restricted to the DSC.

To further explore this cell heterogeneity within the DSC,
skin sections from tamoxifen-injected mice on P12 were
immunostained with anti-aSMA antibodies. Consistent with
previous reports, aSMA is expressed in the arrector pili
muscle, blood vessels, and the DS (Figure 5a). Of note,
aSMA expression within the DS was extremely high in
middle parts along the follicle with asymmetric distribution
toward the follicle anterior side (Figure 5a). Although this
asymmetric pattern was maintained in the DSC, aSMA
levels in this part of the follicle were low and heterogeneous
(Figure 5b and c). Intriguingly, GFP-positive cells within the
DSC were often aSMA low (Figure 5c¢), suggesting that
Corin-creRT2 in the DSC preferentially labels cells with low
levels of aSMA. Together, these data suggest that the partial
labeling of the DSC does not reflect mere inefficient labeling
of the DSC and that the labeled and unlabeled cells in the
DSC may reflect two distinct cell populations with different
properties.
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Figure 3. DS stem cells during anagen reside in the DSC. (a) Schematic representation of the experimental protocol over consecutive hair cycles. As before,
tamoxifen injection (red syringes), depilation (arrows), and skin collection (arrowheads; with a reference to the relevant figure panels) times are shown. (b—e)
Skin sections from the first to the fourth hair cycle are displayed, respectively, showing a progressive increase of the number of DS cells along the DDS part of the
follicle from cycle to cycle. DAPI labels the nuclei (blue). n = 3 mice per cycle. Bar = 200 pm. (f) The percentage of the GFP-labeled DS versus that of
nonlabeled DS per follicle during anagen is presented by box and whisker plot (red midline: median, box: 25th and 75th percentiles, whiskers: minimum and
maximum). For each follicle, the GFP intensities along a fixed distance were measured on both sides, and the ratio between GFP positive and negative was
calculated (see Supplementary Figure S3). n = 3 mice for each cycle, and 100 follicles per mouse were scored. Mann—-Whitney test was performed. ***P <
0.0001. (g) Quantification of the percentage of follicles per mouse with at least one ITGA8/GFP double-positive cell is presented by a scatter plot to compare
young mice (aged ~2 mo) at the telogen of the second cycle with old mice (aged >18 mo) in telogen. n = 5 mice per age, and at least 30 follicles per mouse
were scored. (h) The number of labeled DS cells (ITGA8/GFP double positive) per telogen follicle in young and old mice was quantified and presented as a box
and whisker plot (red midline: median, blue cross: mean, box: 25th and 75th percentiles, whiskers: minimum and maximum). n = 5 mice per age, and at least
30 follicles per mouse were scored. Mann—-Whitney test was performed. Cat, catagen; DDS, distal dermal sheath; DS, dermal sheath; DSC, dermal sheath cup;
mo, month; ns; not significant; P, postnatal day.

The boundaries between the mesenchymal components of

the HF and the dermis are compromised during wound
healing

To test whether this restriction of DP and DS cells to their
follicular compartments persists also during wound heal-
ing, full-thickness back skin wounds were introduced.
Tamoxifen was first injected during the early anagen of the
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first cycle as before, and a large piece of skin was excised
when mice were aged 3 or 7 weeks. These particularly
large wounds were previously shown to allow HF neo-
genesis within the healing wounds (Ito et al., 2007).
Consistently, 19 days after wounding, de novo and unpig-
mented follicles were observed within the healing wounds
(Supplementary Figure S6a—g) that produced white hairs
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Figure 4. Corin levels in the DP and DSC are heterogeneous. (a) In situ
hybridization for Corin is shown to illustrate that Corin transcripts (blue) are
detected only within the DP. Two distinct types of follicles are displayed. n =
3 mice. Bar = 25 pm. (b) Immunostaining for Corin is shown to demonstrate
the heterogeneity of Corin protein levels in the DP and DSC. The same follicle
is presented in all panels. In the left panel, the channels for DAPI (blue) and
Corin (red) are overlayed. In the middle and right panels, only the channel for
Corin is shown in white to increase contrast and sensitivity. In the right panel,
short exposure was used to illustrate the gradient pattern of Corin proteins in
the DP and the heterogeneous levels of Corin within the DSC. n = 3 mice.
Bar = 25 um. DP, dermal papilla; DSC, dermal sheath cup; Ex, exposure; P,
postnatal day.

(Supplementary Figure Séh and i). Remarkably, GFP-
labeled cells detach from their follicle compartments and
migrate toward the site of wound, suggesting that DS/DP
cells contribute to wound healing (Figure 6a—i). The path
of migration appears largely within the newly formed upper
dermis in close proximity to the newly formed epidermis
(Figure 6g and i). Whereas the current labeling method
cannot distinguish between DS and DP cells and thus
precludes further analysis of the precise origin of these
migrating cells, DS cells leaving the DS compartment were
clearly observed (Figure 6g and h). In contrast, GFP-labeled
cells could not be detected within the DP or the DS of de
novo follicles formed within the site of wound
(Supplementary Figure S6j), suggesting that DP/DS cells
originated from existing follicles at the boundaries of the
wound do not contribute directly to de novo follicle for-
mation during neogenesis.

DISCUSSION

In this study, we used the Corin-creRT2 line to specifically
label DS cells in the DSC and provided clear evidence
that hfDSCs are relocated from directly lining the DP
during telogen to enveloping the matrix of the bulb region
during anagen. Although this labeling method allows us to
confirm and complement previous studies that used the
aSMA-creRT2 line to label DS cells (Gonzalez et al.,
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2017; Rahmani et al.,, 2014; Shin et al., 2020), differ-
ences are also apparent when the outcomes of the two
labeling methods are compared. DS cells labeled by the
aSMA driver tend to be evenly distributed within the
middle region of the follicle. In contrast, DS cells labeled
by the Corin driver preferentially reside in more proximal
regions of the DS compartment. Furthermore, whereas the
number of hfDSCs in the aSMA-driven lineage analysis
decreases during aging, the number of hfDSCs in the
Corin-driven labeling method is maintained. Finally, DS
cells labeled by the aSMA driver contribute to follicle
neogenesis during wound healing (Abbasi et al., 2020),
whereas labeled DS cells by the Corin driver migrate to-
ward the wound but do not participate in de novo follicle
formation.

One possible mechanism to explain these discrep-
ancies is that the labeling method used in this study
preferentially marks hfDSCs with high capacity to self-
renew, which results in the increase of the number of
labeled hfDSCs from cycle to cycle. This not only ex-
plains the increase of labeled DS cells in the DDS from
cycle to cycle but also provides a mechanistic insight
into the maintenance of hfDSCs during aging observed in
our study. Although stem cell exhaustion still occurs as
previously reported (Shin et al., 2020), it is masked by
the self-renewing capacity of hfDSCs. Furthermore, the
existence of stem cell hierarchy within the DS compart-
ment, which resembles the hierarchy that exists between
bulge stem cells and the primed stem cells in the sec-
ondary germ of the follicular epithelium, is also a pos-
sibility underlying the differences between the two
labeling methods. Whereas the aSMA-based labeling
method labels a subpopulation within this hierarchy, the
Corin-based method of labeling marks a different sub-
population of cells with different features. It is tempting
to speculate that hfDSCs in the DSC that express high
levels of Corin and low levels of aSMA are responsible
for the long-term maintenance of the DS compartment,
infrequently cycle, and are persistently relocated during
anagen to the proximal part of the follicle where their
stemness properties are maintained. In contrast, hfDSCs
with reduced levels of Corin and elevated levels of aSMA
descend from the Corin-high cells, frequently cycle, are
relatively short lived, and are preferentially responsible
for the expansion of the DS during regeneration.
Methods that directly label hfDSCs are required to test
this hypothesis.

The contribution of the DS to the maintenance of the
dermis was previously speculated (Jahoda, 2003; Tobin
et al., 2003a). Using the Corin-cerRT2 mouse line, we
clearly show that such contribution does not occur during
homeostasis throughout life. However, these boundaries
between the mesenchymal components of the follicle and
the dermis are perturbed during wound healing. Although
the role of this cellular migration in contributing to wound
healing and follicle neogenesis remains to be elucidated in
future studies, our findings show that these migratory cells
do not directly contribute to the formation of new DP or DS
in the newly formed follicles within the wound and thus
suggest that follicle neogenesis during wound healing is a
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Figure 5. Induced GFP labeling in the a
DSC predominantly occurs in cells
with low levels of aSMA. (a) Skin
sections from tamoxifen-injected mice
2 days after injection (P12) were used
for immunostaining of aSMA (red).

n = 5 mice. Note that higher levels of
aSMA in the DS are detected in the
middle part of the follicle and that
aSMA expression is asymmetric with
higher levels in the anterior side of the
follicle. In addition, aSMA is also
expressed in the arrector pili muscle
(white arrowheads) and the smooth
muscle layer of blood vessels (white
arrows). Bar = 100 um. (b) Higher
magnifications of three single follicles
are shown to demonstrate that GFP-
labeled cells within the DSC often
express low levels of aSMA. Note the
higher levels of aSMA in the anterior
side of the DSC. For every single
follicle, merged (right panel) and
single channels for aSMA (middle
panel) and GFP (left panel) are
displayed. Bar = 25 pm. (c) A higher
magnification of the field framed
within the white dashed rectangle in b
is presented. Bar = 25 pm. aSMA,
alpha-smooth muscle actin; DS,
dermal sheath; DSC, dermal sheath
cup; P, postnatal day.

genuine de novo process of follicle formation not relying on
pre-existing components imported from pre-existing folli-
cles. Whereas YFP-positive cells labeled by aSMA-creRT2
were recently detected in both the DS and DP of newly
formed follicles during wound healing (Abbasi et al., 2020),
it is important to note however that aSMA is also expressed
in smooth muscle cells of blood vessels, and the labeled
cells in the DP/DS observed during neogenesis in that study
do not necessarily originate from the DS of pre-existing
follicles.

MATERIALS AND METHODS

Mice

A knock-in mouse line (Corin-CreRT2) expressing the inducible cre
recombinase (i.e., CreRT2) specifically in the DP and DSC was
generated by inserting CreRT2 in the Corin locus. Ai6 (RCL-ZsGreen)
2010) (having a GFP-variant allele,

mice (Madisen et al.,
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downstream to a floxed stop sequence, inserted in Rosa26 locus)
were obtained from the Jackson Laboratory (Bar Harbor, ME) and
were used as a cre-reporter line. For cell lineage tracing, mice ho-
mozygous for the Corin-CreRT2 allele and heterozygous for the
r26EGFP reporter allele were generated. CreRT2 activity was
induced by tamoxifen administration. All animal protocols were
approved by the Institutional Animal Care and Use Committee at
Bar-llan University (Safed, Israel).

Tamoxifen administration and skin sample processing

To induce CreRT2 activity, tamoxifen (Sigma-Aldrich, Inc, St. Louis,
MO) was prepared in corn oil and administered as previously re-
ported (Chevalier et al., 2014). Briefly, tamoxifen was intraperito-
neally injected (200 pg/g body weight) once a day for 3 days on P8,
P9, and P10 (early anagen of the first cycle). Middle dorsal skin
samples were collected at multiple timepoints after labeling as
indicated in the main text. Immediately after harvesting, skin



E Aamar et al.
Hair-Follicle Mesenchymal Stem Cell Activity

Figure 6. DS/DDS cells during wound healing exit the boundaries of the follicle and migrate to the wound area. Tamoxifen-injected mice aged 3 weeks were
subjected to full-thickness back skin wounds. On PW12, the mice were killed, and the healing wounds were examined (a—f) by whole-mount imaging from the
dermis side or (g—i) by serial cryosectioning and immunostaining. n = 5 mice. (a) Whole-mount brightfield and (b) fluorescent imaging of the same wound is
shown. Bar = T mm. (c) Higher magnification of the white rectangle enclosed area in b is shown to demonstrate the groups of GFP-labeled migrating cells
(green) within the wound. Bar = 200 pm. (d) Whole-mount brightfield and (e) fluorescent imaging of a different wound are shown. In f, a higher magnification of
the white rectangle enclosed area in e is presented. Bar = 200 pm. (g—i) Healing wounds were sectioned to better examine the migratory path of the GFP-
labeled cells. In all sections, the epidermis and ORS were labeled with anti-K14 (red), and DAPI labels the nuclei (blue). The wound area in g is indicated with
the bent white arrow. Bar = 100 pum. Both h and i panels in the left side of and below g panel, respectively are higher magnifications of the white rectangle
enclosed areas in g. Bar = 50 pm. Note that in h, GFP-positive cells detach from the DDS, and in i, the migratory path of GFP-labeled cells is in close proximity
to the newly formed epidermis. Whole-wound images in a—f were taken using a fluorescent stereomicroscope, and sections in g—i were imaged using an
upright fluorescence apotome microscope. DS, dermal sheath; DDS, distal dermal sheath; K14, keratin 14; ORS, outer root sheath; PW12, postwound day 12.

samples were fixed in 4% paraformaldehyde in PBS, dehydrated in
sucrose solutions, embedded in optimal cutting temperature com-
pound, frozen on liquid nitrogen, and cut into 10—12 pum frozen
sections using a CM3050S Leica cryostat (Leica Microsystems,
Wetzlar, Germany).

Depilation

To shorten and synchronize the telogen of the second and successive
cycles, anagen was induced artificially by depilation. About a week
after entering telogen, mice were anesthetized with tri-
bromomethanol (0.6 mg/g body weight; Sigma-Aldrich, Inc); their
dorsal hair coat was first clipped and then topped with warm wax
and stripped after hardening. Hair growth was followed throughout
the anagen phase to monitor the time follicles enter telogen, and 1
week later, depilation was repeated.

Wounding

As before, tamoxifen was intraperitoneally injected during the
early anagen of the first cycle to label the DP and DSC, and full-
thickness excision of dorsal skin was introduced when the mice

were aged 3 or 7—8 weeks as previously described (Ito et al.,
2007). Briefly, after anesthesia with tribromomethanol (0.6 mg/g
body weight), 1 or 2.25 cm? of full-thickness skin was excised
from mice aged 3 or 7—8 weeks, respectively. Healing wounds
were collected at multiple timepoints after wounding as indicated
in the main text.

TUNEL staining

Skin sections (10 um) were washed twice with PBS, fixed with 4%
paraformaldehyde for 10 minutes, and again washed twice with PBS
0.1% Tween. Subsequently, sections were incubated with proteinase
K (10 pg/ml) for 5 minutes and washed twice with PBS 0.1% Tween.
For TUNEL staining, the In Situ Cell Death Detection Kit-TMR red
(Roche, Basel, Switzerland) was used according to the manufac-
turer’s instructions. Briefly, 50 pl enzyme solution mixed in 550 pl
label solution was applied on the sections, incubated for 60 minutes
at 37 °C in a dark humidified box. Slides were washed three times in
PBS before mounting with DAPI Fluoromount-G (Electron Micro-
scopy Sciences, Hatfield, PA).
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Immunofluorescence

Immunostaining was performed on frozen sections, which were
fixed with 4% paraformaldehyde for 10 minutes, then washed three
times with PBS for 5 minutes before blocking with 10% heat-
inactivated sheep serum in PBS and 0.05% Tween solution for 2
hours, all done at room temperature. Sections were incubated with
primary antibodies overnight at 4 °C and then washed with PBS
three times for 5 minutes and incubated with secondary antibodies
for 1 hour at room temperature. Excess antibodies were washed
again with PBS three times for 5 minutes; sections were dried and
mounted with DAPI Fluoromount-G. Both primary and secondary
antibodies were diluted in 10% heat-inactivated sheep serum in
PBS.

Primary antibodies used were guinea pig anti—keratin 14 anti-
bodies (1:500; BioLegend, formerly Covance, Dedham, MA), rabbit
anti—Perilipin-1 (1:200; Abcam, Cambridge, United Kingdom),
rabbit anti—Caveolin-1 (1:250; Cell signaling technology, Danvers,
MA), rabbit anti-aSMA (1:200; Sigma-Aldrich, Inc), goat anti-
ITGA8 (1:20; R&D Systems, Minneapolis, MN), and rabbit anti-
Corin (Enshell-Seijffers et al., 2008). Secondary antibodies used
were donkey anti—guinea pig Cy5 (1:500; Jackson ImmunoR-
esearch, West Grove, PA), donkey anti—rabbit TRITC (1:1,000;
Jackson ImmunoResearch), and donkey anti—goat 647 (1:400;
Jackson ImmunoResearch).

Imaging

For all section imaging, sections were mounted with DAPI
Fluoromount-G. Images were acquired as stated in the text and
figure legends using the Zeiss LSM780 inverted confocal micro-
scope, the Zeiss Upright AxiolmagerM2, and the Zeiss Upright
fluorescent Apotom microscope. For whole-mount wound imaging,
the Zeiss Discovery V12 fluorescent stereomicroscope was used. To
acquire long fields of skin sections, the Zeiss Upright AxiolmagerM2
was used through a x20 objective with tiling and stitching mode.
Image processing was performed with Adobe Photoshop CS5.1
(Adobe, San Jose, CA).
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Supplementary Figure S1. GFP-labeled cells in aged mice remain restricted to the DP and DS. (a) A skin section of a tamoxifen-injected, undepilated mouse
aged 25 mo at telogen is fluorescently imaged to demonstrate the confined expression of GFP (green) to the DP/DS compartments. n = 5 mice. Bar = 200 um.
Higher magnification of the field enclosed in the white dashed rectangle is shown in the panel below. Bar = 50 pm. (b) A tamoxifen-injected, undepilated
mouse aged 18 mo after hair coat clipping is shown to demonstrate the patches of spontaneous anagen (white arrows). (c) A cross-section through the anagen
patch of the mouse in b is displayed to illustrate GFP expression (green) in the DS. Bar = T mm. The lower panels present higher magnifications of the fields
framed within the white dashed rectangles in the upper panel. Bar = 200 pm. n = 4 mice. Telogen follicles from (d) a mouse aged ~2 mo and from (e) a mouse
aged >18 mo are shown to illustrate GFP-labeled DS cells. Left, middle, and right panels are images of the same follicle showing ITGA8 immunostaining on the
left (red), GFP in the middle (green), and a merge on the right. Bar = 10 um. DP, dermal papilla; DS, dermal sheath; mo, month.

2807.e1 Journal of Investigative Dermatology (2021), Volume 141




E Aamar et al.
Hair-Follicle Mesenchymal Stem Cell Activity

Telogen

Supplementary Figure S2. GFP-labeled cellular fragments are internalized by adipocytes. Tamoxifen-injected mice were examined at the telogen phase. (a)
Skin samples of the first telogen were cryosectioned and immunostained with anti-Prelipin (red), a specific marker for mature adipocytes. The GFP-labeled
fragments (green) colocalize with the panniculus adiposus layer (red). Arrowheads indicate GFP-labeled DPs. Bar = 100 pm. The lower panels show higher
magnifications of the selected fields enclosed with white dashed rectangles in the upper panel. Bar = 25 pm. All images show colocalization of some of the
GFP-labeled remnants with the perilipin-stained adipocyte cells. DAPI labels the nuclei (blue). Images were captured using an upright apotome microscope. n =
3 mice. (b) Serial optical sections (Z1-Z6), acquired by Z-stack confocal imaging, are shown to illustrate the colocalization of the GFP fragments (green) with the
adipocyte marker perilipin (red). A cyan arrowhead indicates a large GFP fragment that is detected throughout all sections, whereas the numbered white arrows
indicate small GFP fragments that are observed in only some of the optical sections. Bar = 10 pm. DP, dermal papilla.
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Supplementary Figure S3. Cell lineage quantification of GFP labeling. Methodology to quantify the ratio between GFP-labeled to -unlabeled DDS compartment
is illustrated in a—f. Quantification of labeled hfDSCs per follicle during telogen in young and old individual mice is presented in g. Skin samples of tamoxifen-
injected mice were examined during the anagen stage of four consecutive cycles and during the telogen stage of young and old mice. (a) Anagen skin section of
the fourth cycle, showing expanded domain of GFP expression along the DDS of the hair follicle. Bar = 200 um. (b) Higher magnification of the follicle
enclosed with a white dashed rectangle in a. The yellow bracket demarcates a fixed distance of 900 um, in which the intensity of green fluorescence along this
distance was measured in all follicles. The red rectangle on the right defines a domain (150 um) in which a GFP-negative region flanked between GFP+
segments was used to define a value for a negative signal. Bar = 100 pum. (c) Follicles at the anagen phase of the first cycle are shown. (d) The GFP intensity
values along the distance of the red rectangle in b are shown. The GFP-negative region is bracketed in red. Note that the intensities along this domain are <400
and represent the background. Therefore, 400 is the threshold value. (e, f) Examples of GFP intensities along the fixed distance of one follicle during the fourth
and first cycles are shown, respectively, to illustrate the decline in GFP intensity from cycle to cycle. A progressive increase of labeled DS cells is observed in the
DDS compartment from cycle to cycle, expanding distally from the DSC. (g) The number of labeled DS cells ITGA8/GFP double positive) per telogen follicle in
young (aged ~2 months) and old (aged >18 months) mice was individually quantified and presented as a box and whisker plot (midline: median, cross: mean,
box: 25th and 75th percentiles, whiskers: minimum and maximum). At least 30 follicles per mouse were scored. DDS, distal dermal sheath; DSC, dermal sheath
cup; hfDSC, hair follicle dermal stem cell; No., number.

No. of ITGA8/GFP+
cells per follicle
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Supplementary Figure S4. mCherry-
H2B expression in the Corin-creRT2
knock-in mouse line. The mCerry-
H2B was inserted into the Corin locus
upstream to the creRT2. (a, b)
Fluorescent images of follicles from (a)
a wild-type mouse and (b) a
heterozygote for the knock-in allele
are shown to demonstrate the nuclear
expression of mCherry-H2B only in
the knock-in mouse line without
tamoxifen injection. Images of single
channels for mCherry-H2B, Corin
immunostaining, and DAPI are
included and indicated accordingly.
n = 3 mice per genotype. Bar = 20
um. (c) Higher magnifications of the
field around the DP in b are presented.
Bar = 20 um. DP, dermal papilla; P,
postnatal day.
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Supplementary Figure S5. mCherry- .
H2B expression driven by the Corin

locus qul)'ther corroboratgs Corin - FIrSt CyC|e P8 b Second CyC|e P32
expression heterogeneity in the DP s B
and DSC. (a) mCherry-H2B (red) C - / C K /
fluorescence imaging of a follicle from Orln CreRT2 s Orln CreRT2 *
a heterozygous mouse for the Corin-
creRT2 allele during anagen of the first
cycle (P8) is displayed. Note the
gradient along the distal-proximal
axis of the DP and the presence of
both labeled (white arrowheads) and
unlabeled (white arrow) DSC cells.

n = 3 mice. (b) Corin immunostaining
(green) and mCherry-H2B (red)
fluorescent image of a single follicle
from a heterozygous mouse for the
Corin-creRT2 allele (left panel) and a
wild-type mouse (right panel) during
anagen of the second cycle (P32) is
shown. Note that the image in a and
the right image in b are overly
exposed to illustrate the presence and
absence of mCherry-H2B expression
in the DSC, respectively. Nuclei are in
blue (DAPI). n = 3 mice. Bar = 10 pm.
DP, dermal papilla; DSC, dermal
sheath cup; P, postnatal day.
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Supplementary Figure S6. Follicle
neogenesis within the healing wound.
Tamoxifen-injected mice during the
early anagen of the first cycle were
subjected to full-thickness 1 cm
square skin wounds when they were
aged 3 weeks. (a—c) Three alternate
sections derived from the same wound
on PW19 are imaged by DIC
microscopy and shown to illustrate de
novo follicle formation within the
wound. Note the pigmented mid-
anagen follicles at the periphery of the
wound. n = 5 mice. Bar = 1 mm. (d,
e) Higher magnifications of the fields
within the black dashed rectangles in
a and b are respectively displayed to
demonstrate newly formed,
unpigmented follicles, in sharp
contrast to the pigmented, fully blown
anagen follicles in the peripheries of
the wound. Bar = 100 um. (f, g)
Higher magnifications of two serial
sections from the field framed within
the black dashed rectangle in c are
presented. Bar = 100 um. (h) An
image of healed wound on PW33 is
taken from the dermis side. Bar = 1
mm. (i) A higher magnification of the
field enclosed within the dashed black
rectangle in h is shown. Note the de
novo and unpigmented follicles within
the healing wound. Black stars
indicate sebaceous glands, whereas
arrowheads indicate bulb regions of
some newly formed follicles. Bar =
200 pm. (j) Tamoxifen-injected mice
during early anagen of the first cycle
were subjected to full-thickness 2.5
cm square skin wounds when they
were aged 7 weeks. Immunostaining
with anti-K14 of a wound section
reveals a newly formed hair follicle
inside the wound on PW19. Nuclei
were labeled with DAPI (blue). Note
that neither the DP (arrow) nor the DS
show any GFP expression. Whole-
wound images were taken using a
stereomicroscope, and sections were
imaged using an upright fluorescence
apotome microscope. n = 5 mice.
Bar = 50 um. DIC, differential
interference contrast; DP, dermal
papilla; DS, dermal sheath; K14,
keratin 14; PW, postwound day.
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