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For unknow reasons, the melanocyte stem cell (McSC) system fails earlier than other
adult stem cell populations’, which leads to hair greying in most humans and mice?>.
Current dogma states that McSCs are reserved in an undifferentiated state in the hair

follicle niche, physically segregated from differentiated progeny that migrate away
following cues of regenerative stimuli*®. Here we show that most McSCs toggle
between transit-amplifying and stem cell states for both self-renewal and generation
of mature progeny, amechanism fundamentally distinct from those of other self-
renewing systems. Live imaging and single-cell RNA sequencing revealed that McSCs
are mobile, translocating between hair follicle stem cell and transit-amplifying
compartments where they reversibly enter distinct differentiation states governed
by local microenvironmental cues (for example, WNT). Long-term lineage tracing
demonstrated that the McSC system is maintained by reverted McSCs rather than by
reserved stem cells inherently exempt from reversible changes. During ageing, there
isaccumulation of stranded McSCs that do not contribute to the regeneration of
melanocyte progeny. These results identify anew model whereby dedifferentiationis
integral to homeostatic stem cell maintenance and suggest that modulating McSC
mobility may represent anew approach for the prevention of hair greying.

Mammalian tissue regeneration largely depends on the capacity of
adult stem cells to differentiate. Stem cell differentiation is generally
viewed as unidirectional and follows the hierarchical model originally
established through the study of haematopoietic stem cells® ™. This
theory proposes that stem cells (undifferentiated state) have two dis-
tinct fates: one to sustain themselves through self-renewal and the
second to produce transit-amplifying (TA) progeny (intermediate
differentiated state) that ultimately give rise to functional differenti-
ated cells during tissue regeneration? . In this model, the life-long
durability of self-renewing tissues is typically sustained by a func-
tionally and molecularly heterogeneous pool of stem and progenitor
cells.

The organization of the McSC system, responsible for hair pig-
mentation, is thought to parallel that of hair follicle stem cells
(HFSCs)>8. McSCs are located in the bulge and hair germ (HG) area
in telogen-phase hair follicles (HFs)*3, where they are surrounded
by HF epithelial stem cells (bulge cells)** and progenitor cells (HG
cells)™>* that constitute to the McSC niche. At the onset of the anagen
growth phase, McSCs regenerate differentiated melanocytes that
migrate downwards into the hair bulb, where they produce pigment
for the hair. Similar to HG epithelial cells, HG McSCs activate WNT
signalling and undergo differentiation at the onset of regeneration’.
Furthermore, McSCsinthe bulge cycle more slowly thanthoseinthe
HG during HF regeneration®. On the basis of these studies, McSCs in

the bulge are postulated to represent long-term stem cells®. How-
ever, their distinct functions and self-renewal capacities have yet
to be characterized. Despite the close relationship between HFSCs
and McSCs, there are disparitiesin their durability over time: McSCs
become exhausted earlier than HFSCs in most animals and humans,
which results in hair greying during ageing'>. The high prevalence
of hair greying suggests that there may be specific disadvantages in
the long-term maintenance of McSCs.

HGMcSCs canregenerate all melanocyte compartments

To better understand the hierarchical structure of the McSC system,
we quantified the distribution of McSCs before HF regeneration (that
is, in the telogen phase). McSCs are defined as DCT" melanocytes
located at the level of the bulge and slightly below the bulge area®*.
DCT is amelanocyte lineage marker expressed by all melanocytes
during the hair cycle*®”. Consistent with previous microscopy analy-
ses*?, DCT" McSCs were found in the bulge and the HG. However, a
new volumetric analysis with 3D imaging of whole telogen HFs from
Dct"*Z and Dct™™;tet 0" " reporter mice'*® revealed that most HFs
lacked any McSCs within the CD34" bulge. Rather, most McSCs were
concentrated in the P-cadherin” HG (Fig. 1a and Extended Data Fig. 1).
Even in the HFs that contained rare bulge McSCs, the majority were
located in the HG (Extended Data Fig. 1a). In agreement, labelling of
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Fig.1|HG McSCs possess self-renewal ability. a, Left, bright-fieldimage of a
X-gal-stained HF from a Dct*““mouse at telogen. Right, quantification of McSCs
inspecified locationsin telogen HFs from Dct"*“ mice. N= 52 single, whole
HFs from 3 mice. b, Timeline of in vivo imaging of single HG McSCs in Tyr=**;
Rosa''StdTomato 14774 -ter0"26-CFP mice. HFs containing single HG tdTomato-
labelled cells were identified at the first telogen stage and then revisited at
indicated stages. ¢, Live z-stackimages of three representative examples of
tdTomato"HGMcSCs that undergo distinct fates. K14* epithelial cells (GFP*)
areingreen.See Extended DataFig. 2 for additional examples. Yellow dashed
line outlines club hair. White asterisk marks tdTomato* cellin unrelated HF
(bottom). d, Quantification of distinct fates of HG McSCs. N =59 HFs from

WntI;Rosa""**™m° mice, in which neural-crest-derived cells, includ-
ing the melanocyte lineage, are labelled by the fluorescent protein
tdTomato showed that most tdTomato® McSCs were concentrated
in the HG’ (Extended Data Fig. 1c). These results suggest that hair
pigmentation and McSC maintenance may solely rely on McSCs in
the HG.

To verify that HG McSCs have self-renewal ability, we performed
fate mapping of telogen HG McSCs using in vivo imaging. We used

7 mice. e, Percentages of tdTomato* bulb MCs that die at the end of anagen
orsurvive during the catagen phase. N =20 HFs from 2 mice. f, Bar graph
showingthe furthest distance between two tdTomato" cellsin the bulge/
ORS' (atlate anagen and early/mid catagen) and bulge/HG (at late catagen
andsecond telogen). Dataare presented as the mean +s.d. P values (one-way
analysis of variance (ANOVA) with Bonferroni multiple comparison test) are
indicated, with 95% confidence interval at 35.81-81.13. N= 21 (late anagen),
27 (early/mid catagen) or 23 (late catagen and telogen) HFs from 2 mice.

g, Percentages of tdTomato" McSCsresidingin bulge or HG at second telogen.
N=60HFsfrom 6 mice. Dashed black or white lines outline the epithelial-
dermalboundary (a,c).Scalebars, 20 pm (a) or 10 um (c). Bb, bulb; Bg, bulge.

amouse model in which McSCs are genetically labelled with tdTo-
mato, and K14 " epithelial cells express GFP, which outlines the HF
structure (TyrcreER’.RosaLSL-tdTomaro’.K14rtTA’.tetOHZB-GFP mice19722) (Flg ].b).
Tyr’**R mice are broadly utilized to target melanocytes, including
DCT*McSCs™**2 For clonal analysis, we treated the mice withalow
dose of tamoxifen during telogen and identified HFs with only one
labelled McSC in the HG compartment. Revisitation of the same HF
during anagen (Methods and Extended Data Fig. 2a) showed that HG
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McSCslabelled during telogen gave rise to mature melanocytesin the
hairbulb that die at the end of anagen® (Fig. 1c-e and Extended Data
Fig. 2b). Notably, we also discovered that labelled McSCs migrated
to the bulge and upper outer root sheath (bulge/ORS"?) stem cell
niche during anagen and exhibited self-renewal capacity that ena-
bled their persistence (Fig. 1c,d and Extended Data Fig. 2b). During
late catagen, most McSCsin the bulge/ORS"? were aggregated in the
lower follicle (Fig. 1f, Extended Data Fig. 3). By the next telogen phase,
they had primarily homed back to the HG compartment (Fig. 1c,g and
Extended Data Fig. 2b ). These results demonstrate that unlike the
HFSC system, inwhich HG epithelial cells disappear after proliferation
and differentiation’?, melanocytes residing within the HG possess
self-renewal ability.

Trajectory of McSC differentiation at anagen onset

Previous studies have shown that WNT proteins in the HG promote
differentiation of epithelial cells and melanocytes following induction
of HF regeneration’. Epithelial HG cells then function as TA cells that
proliferate and differentiate without self-renewal capacity>?. To inves-
tigate how McSCs canretain their stemness while being aggregatedin
suchapro-differentiation environment, we examined the differentia-
tion status of HG McSCs.

Inthe quiescent telogen stage, McSCs displayed the compact oval
or bipolar shape of undifferentiated melanocytes. However, they
showed marked changes during early anagen (anagen Il), when TA
cells emerge in this HG compartment* ¢, with all melanocytes in the
HG developing adendritic appearance reminiscent of differentiated
melanocytes” (Fig.2a,b). In more than 90% of the HFs examined, all
melanocytes had dendritic morphology during this phase (Fig. 2b).
Liveimaging showed that the majority of HG McSCs had transformed
into a dendritic morphology within the niche before their initial divi-
sion (Fig.2c and Extended Data Fig. 4). Daughter cells were also den-
dritic, which suggested that morphological changes represent an
early feature of McSC activation (Fig. 2c and Extended Data Fig. 4).
This morphological change was transient, and McSCs retracted
dendrites after they migrated from the HG to the bulge/ORS"?
(Fig.2c,d).

Single-cell RNA sequencing (scRNA-seq) comparisons of telogen
and early-anagen McSCs and mature bulb melanocytes purified by
fluorescence-activated cell sorting (FACS) verified that genes involved
inmelanocyte dendrite formation?®%, such as Racl, were upregulated
in early anagen, similar to that observed in mature bulb melanocytes
of anagen HFs (Extended Data Fig. 5a-c). Given that the definition of
differentiation in biology is “a process by which a less specialized cell
matures to fulfil the function of the lineage”°, we examined pigmen-
tation genes as reliable differentiation markers. FeaturePlot analysis
showed that numerous pigmentation genes, absent from telogen
McSCs, were detected in most early-anagen McSCs (Fig. 2e). Further-
more, acomparison of proliferative and nonproliferative early-anagen
McSCs revealed similar signatures, which suggested that differen-
tiation may occur independent of the proliferative state (Extended
Data Fig. 5d,e). Nonetheless, a distinct set of genes was expressed
by both telogen and early-anagen HG McSCs, but downregulated in
bulb melanocytes (Extended Data Fig. 5f,g). Some of these genes have
potential stem cell relevance, with functions related to renewal and
survival®*?, Pseudotime analysis confirmed that early-anagen McSCs
reside between telogen McSCs and bulb melanocytes (Extended Data
Fig. 5h).

The most differentiated McSCs can dedifferentiate

Onthebasis of these analyses, we formulated the following hypothesis.
McSCs may differentiate into anintermediate differentiation (TA-like)
state atthe whole population levelin the growing HG following cues of
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regenerative stimuli, and McSC maintenance may rely on their dedif-
ferentiation.

To test this hypothesis, we sought to trace the fate of the most dif-
ferentiated subset of HG McSCs. We focused on a late-pigmentation
gene, OcaZ2 (refs. 33-35), that is not expressed by quiescent telogen
McSCs but is upregulated in all mature bulb melanocytes based on
our scRNA-seq data (Fig. 2e,f). Notably, asmall subset of early-anagen
McSCs also expressed OcaZ2 (Fig. 2e,f). To confirm that Oca2* McSCs
are more differentiated than Oca2” McSCs in early-anagen HFs, we
reanalysed scRNA-seq data in which Oca2’ cells had diverged from
other early-anagen McSCs by regressing out cell cycle genes (Fig. 2g).
Analyses revealed that differentiation markers (that is, pigmentation
genes) were expressed at higher levels in Oca2* than in Oca2” McSCs
(Fig.2h). Unlike Oca2' bulb melanocytes, the Oca2* early-anagen McSCs
retained expression of genes shared by telogen and other early-anagen
McSCs (Extended Data Fig. 6). These results suggest that whereas most
HG melanocytes at the early-anagen phase initiate the upregulation of
differentiation and pigmentation genes, the most differentiated ones
also express Oca?2 (Fig. 2i).

We then generated OcaZ™**:Rosa**"**™™ reporter mice as a means
togenetically trace the fate of Oca2' HG McSCs (Extended DataFig. 7a).
No tdTomato® cells were observed in the HFs of mice that did not receive
atamoxifen injection (Extended Data Fig. 7b). Using this new tool,
we traced the fate of McSCs from anagen onset onwards. We treated
Oca2™R:Rosat-*ma mice with tamoxifen once daily for 3 days dur-
ing early anagen (Extended Data Fig. 7c). This treatment successfully
labelled Oca2 (tdTomato-labelled) McSCs, which displayed dendritic
morphology, expressed Oca2 mRNA and were found inthe HG (Fig.3a
and Extended Data Fig. 7d,e). Oca2’ cells included both proliferative
and nonproliferative McSCs (Extended Data Fig. 7f), results that are
consistent with our scRNA-seq data (Extended Data Fig. 5d,e).

Once the HF fully formed the anagen bulb, cells initially labelled
for Oca2 (tdTomato®) in the HG had contributed to both differenti-
ated melanocytesinthe hair bulb and to McSCsin the anagen bulge/
ORS' (Fig.3aand Extended Data Fig. 7g,h). By mid-to-late (mid/late)
anagen, tdTomato® cells within the bulge/ORS"? niche reverted to
an Oca2 state (Fig. 3a), and other differentiation markers (that s,
pigmentation genes) such as Gpr143were downregulated (Extended
Data Fig. 7i).

By the subsequent telogen phase, most tdTomato* cells had relocated
to the HG (Extended Data Fig. 7j) and retained their undifferentiated
state (Fig. 3a). These tdTomato” McSCs retained the ability to regen-
erate bulb melanocytes for at least 2 years (the final time point exam-
ined; Fig.3b,c). Inagreement with our scRNA-seq data (Extended Data
Figs. 5fand 6), those HG Oca2* McSCs destined for dedifferentiation
retained their expression of stem-cell-enriched genes (for example,
Col12al, Txnip and Cdhl (which encodes E-cadherin)), whereas those
destined for final maturationin the bulb lost expression of these genes
(Extended Data Fig. 7i).

Lineage tracing of late-anagen Oca2" differentiated bulb melano-
cytes confirmed the live-imaging results that bulb melanocytes do
not persist (Extended Data Fig. 8). These results demonstrate that
highly differentiated Oca2* McSCs in the HG but not mature bulb mel-
anocytes can dedifferentiate to give rise to undifferentiated McSCs
inthe niche.

McSCsinthe TA compartment can dedifferentiate

Previous studies have shown that TA cells in the McSC system depend
on c-Kit and can be eliminated after injection of a c-Kit-neutralizing
antibody***, To determine whether Oca2* cells depend on c-Kit,
we injected a c-Kit-neutralizing antibody into mice. This resulted in
almost complete elimination of tdTomato” cells (Fig. 3d), which sug-
gested that TA cells that emerge in early anagen include Oca2* McSCs.
Current theories indicate that such TA cells are spatially segregated
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Fig.2|McSCsinthe HGinitiate adifferentiation programme during early
anagen. a, z-stack images of tdTomato* McSCs from Tyre*t® Rosa*s-*7°ma mice
attelogenand early anagen. Denoted areas are magnified and reconstructed
using Imaris (magenta, tdTomato’; green, DAPI). b, Left, number of dendrites
pertdTomato*McSCs (N =3 mice, >30 tdTomato”McSCs analysed per mouse).
Right, percentages of HFs containing only dendritic McSCs (N =3 mice, 20 HFs
analysed per mouse). Melanocytes with >3 dendrites were considered dendritic.
Dataare presented as the mean + s.d. P values derived by two-tailed unpaired
t-test.c, Liverevisits of arepresentative first telogen HF containing asingle HG
tdTomato-labelled cellina Tyrt® :Rosa'St*47omaco, K147 tet 0" mouse.

K14~ epithelial cells (GFP*) arein green. Bottom panels show magnified views.
d, Dendrite number per tdTomato”McSCsin HG (telogen and early anagen) and
bulge/ORS" (mid-anagen and late anagen). N=27 HFs from 2 mice. Dataare

inthe lower part of the HG during early anagen® 8. We used in vivo live
imaging to verify whether Oca2" McSCs in this area could still revert
to a stem cell state. We identified HFs in which a single Oca2" McSC

presented asthe mean +s.d. Pvalues derived using one-way ANOVA with
Bonferroni multiple comparison test, with the following 95% confidence
intervals: -4.804 to -3.122 (telogen versus early anagen); 2.430 to 4.112
(earlyanagen versus mid-anagen). e, Uniform manifold approximation and
projection (UMAP) plot of merged FACS-isolated telogen McSCs, early-anagen
McSCs and differentiated anagen VIbulb melanocytes. FeaturePlots show
expression of pigmentation genes. f, Percentages of Oca2" cells within each
population. g, UMAP plot of early-anagen McSCs after regression of cell cycle
genes. The FeaturePlot shows Oca2 expression. h, Violin plots showing
differential expression of pigmentation genesin early-anagen Oca2*and Oca2”
clusters.i, Schematic of melanocyte differentiation trajectory and McSC
compositioninthe niche. Dashed white lines outline the epithelial-dermal
boundary (a,c).Scalebars, 20 pm (a) or 10 um (c).

was genetically labelled in the lowermost portion of the growing
HG and bulb (in anagen II/1lla HFs of Oca2“*R:Rosa*s-*™omaw K144,
tet0"# P mice). Revisiting these HFs at mid/late anagen revealed that
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Oca2* McSCs in the lower HG were able to translocate to the bulge/
ORS", the stem cell compartment of the HF and relocated to the HG by
the next telogen, similar to upper HG Oca2* McSCs (Fig. 3e,f). Alter-
natively, they could also descend with HF downgrowth and mature
into fully differentiated melanocytes in the bulb (Fig. 3e,f). These
results demonstrate that late-stage Oca2* McSCs positioned in the
lowermost part of the growing HG, known as the TA compartment,
can still dedifferentiate and persist long term.

No McSCisinherently exempted from differentiation

AsnotallMcSCs express Oca2 during the early-anagen phase, we asked
whether the Oca2’ subset might constitute afixed subpopulationinthe
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HF or whether other McSCs canalso express Oca2 during asubsequent
anagen phase. Totest this theory, we repeatedly induced HF regenera-
tionand labelled Oca2" McSCs at each anagen onset through tamoxifen
treatment (Extended Data Fig. 9a). We observed gradual increases in
the percentage of HFs containing tdTomato cells and in the number
oftdTomato"McSCs per HF (Extended Data Fig. 9b-e). This result con-
trasted with control experiments, inwhich Oca2* McSCs were labelled
onlyonce. These results show that new (unlabelled) McSCs can express
Oca? at different anagen onsets (approximately 20% at one hair cycle
based onscRNA-seqanalysis) and contribute to both fates. After three
cycles of repeated tamoxifen injection, HF niches in which residents
were exclusively tdTomato® McSCs (>20% HFs analysed) were observed
(Extended Data Fig. 9f), which demonstrated that different McSCs



express Oca2in different hair cycles. These results suggest that there
isnoreserved population of stem cells that are inherently exempt from
experiencing Oca2' TA-like status (Extended Data Fig. 9g).

Pigmented McSCs can dedifferentiate

Giventhat theskinis constantly exposed to environmental factors that
promote melanocyte differentiation®>®, we asked whether McSCs can
still dedifferentiate in such an environment. To that end, we irradiated
Oca2™®:Rosats*@™mao mice with UVB light and injected tamoxifen to
label Oca2’ cells with the tdTomato reporter (Extended Data Fig.10a).
Two days after treatment, tdTomato” McSCs produced abundant pig-
ment in the stem cell niche (Extended Data Fig. 10b,c). UVB-treated
McSCs expanded (Extended Data Fig. 10b,c) and expressed differ-
entiation markers in the mid-anagen bulge/ORS"?, albeit to a lesser
extent compared with bulb melanocytes (Extended Data Fig. 10d).
These results suggest that UVB irradiation induces McSCs to acceler-
ate their differentiation into functional melanocytes. By late anagen,
tdTomato* McSCs located in the bulge/ORS"? had significantly down-
regulated expression of the differentiation markers Tyrp1, Oca2 and
Gpri43, whichsuggested that they were undergoing dedifferentiation
(Extended DataFig.10d,e). By the next telogen phase, tdTomato®McSCs
stillhomed back to the HG. They regained an undifferentiated pheno-
type, as evidenced by the downmodulation of differentiation markers
and pigmentation (Extended Data Fig. 10f). Two years after UVB irra-
diation, comparable numbers of tdTomato® McSCs were observed in
the HG and pigment was absent (Extended Data Fig. 10g). tdTomato*
McSCsremained competent to generate bulb MCs capable of hair pig-
mentation following depilation-induced HF regeneration (Extended
DataFig.10h). As observed for untreated Oca2* McSCs (Extended Data
Fig. 7i), the UVB-treated Oca2® McSCs destined for dedifferentiation
retained expression of stem-cell-enriched genes (for example, Col12al,
Txnip and E-cadherin) (Extended DataFig.10i). These results show that
McSCsthatare driven to fulfil their ultimate differentiated function of
producing visible pigment following UVBirradiation canstill revert to
anundifferentiated state (Extended Data Fig. 10j).

Dynamic niche regulates McSCreversibility

We nextinvestigated the mechanisms that enable McSC dedifferentia-
tion. Previous studies have shown that constitutive activation of WNT
in McSCs leads to their untimely differentiation and eventual loss,
whereas inhibition of WNT leads to deficient melanocyte regenera-
tion”***°, WNT ligands are upregulated in the HG at anagen onset to
promote McSC differentiation”>*42, As the HG cells grow down to
formthe HF bulb, the WNT active area also moves down as the anagen
phase progresses (Extended DataFig.11a). Nonetheless, our live imag-
ing demonstrated that HG McSCs can translocate to the anagen bulge/
ORS"? (Figs. 1c and 3e and Extended Data Fig. 2b), where WNT signal-
ling is known to be suppressed. We proposed that downregulation of
WNT ligands following migration to the bulge/ORS"? may permit the
dedifferentiation of McSCs.

First, tounderstand how WNT status correlates with differentiation
status, we examined scRNA-seq data. The analysis showed that WNT
activation genes were upregulated during early anagen, especially in
late-stage Oca2* McSCs (Extended Data Fig. 11b,c). Immunofluores-
cence data confirmed that Oca2" McSCs activate WNT signalling in
anagen onset HG (Extended Data Fig. 11d-f). Notably, WNT signalling
was subsequently downregulated by mid/late anagen in the bulge/
ORS"Pregardless of UVB irradiation (Extended Data Fig. 11d-f).

Second, we verified whether persistent WNT activation in ana-
gen Oca2' McSCs precludes reversion to an undifferentiated McSC
state. Constitutive activation of WNT signalling by expressing stabi-
lized B-catenin (encoded by Ctnnbl) in Oca2* McSCs (from Oca2**;
CtnnbI°™;Rosa*s-™mate mice®) showed thatin this environment, these

cells survived and inappropriately continued along the differentia-
tion pathway to express pigment after translocation into the anagen
bulge/ORS"? (Extended Data Fig. 12a,b). By contrast, normal Oca2*
cells reverted to an undifferentiated state (Extended Data Fig. 12a,b).
Thus, downregulation of WNT activity permits the dedifferentiation
of Oca2' McSCs. When followed up long term, tdTomato* McSCs in the
B-catenin stabilized mice showed a significant reduction (Extended
Data Fig. 12c), a result consistent with previous work demonstrating
that long-term WNT activation depletes McSCs’.

Last, to confirm that WNT active status is regulated by epithelial
niche cells, we used KI5*; Wis™" mice to inducibly delete Wntless
(Wls) and prevent WNT ligand release specifically from K15* epithelial
cells that surround McSCs in the bulge and HG****¢, Following induc-
tion with RU486 and subsequent anagen onset, these mice exhibited
defects in nuclear B-catenin expression in McSCs and in surrounding
epithelial cells (Fig. 4a). This result suggested that epithelial-derived
WNT ligands have an essential rolein McSC WNT activation. To ensure
that only McSCs were disrupted in WNT activity, we also examined
McSCsinRU486-treated KIS Wis"":Ctnnb1°™ mice*, in which Wisis
deleted but 3-catenin signalling is retained in epithelial cells. Previously
published results” and Fig. 4b show that constitutive WNT activation
in control RU486-treated KI5“***:CtnnbI*™ HFSCs resulted in aber-
rant but pigmented HF development. However, in mice lacking Wls,
epithelial niche cells showed WNT activation and nuclear (3-catenin
localization, despite their inability to secrete WNT ligands (Fig. 4b).
By contrast, DCT* melanocytes did not exhibit nuclear 3-catenin, they
did not express the melanocyte differentiation marker MITF or pro-
duce pigment (Fig. 4b). These results demonstrate the requirement
of epithelial WNT ligands for McSC WNT activation. Together, these
findings show that niche-derived WNT ligands regulate the reversible
differentiation of McSCs.

Repetitive plucking increases dormant bulge McSCs

The above results suggest that the ability of McSCs to translocate
between the stem cell (WNT bulge/ORS") and TA (WNT"HG/bulb)
compartments of the HF may enable them to reversibly attain distinct
differentiation states. However, our live imaging showed that not all
McSCs originating from the HG home back to the HG compartmentat
the next telogen phasebut rather remainin the telogenbulge (Figs.1c,g
and 3e and Extended Data Fig. 7j). Given the high prevalence of hair
greyingin humans and mice, we investigated whether this shift in dis-
tribution of HG McSCs might correlate with ageing.

To this end, we experimentally accelerated the ageing of HFs by
repeated depilation of Dct'* mice and Dct™™;tet0"?* ° mice at every
telogen phase starting from postnatal day 21 (P21)'"'84’, Consistent
with previous studies', we detected HFs with significant loss of McSCs,
whichwas evidentinthe HG by the seventh telogen phase (Fig. 4c). As
expected, these mice displayed hair greying (Fig. 4c). Notably, many
McSCs in aged HFs had changed location and were scattered to the
bulgeratherthanbeing tightly aggregated within the HG compartment
(Fig. 4d and Extended Data Fig. 13a,b). Image analyses revealed that
the distance between individual McSCs was greater in aged HFs than
inyoung HFs (Fig. 4d). The percentage of HFs containing bulge McSCs
increased from 10% to more than 50% (Fig. 4d). A similar observation
was noted when we examined Oca2“®:Rosa*S-*7°ma mice following
repeated plucking (=6 hair cycles) (Extended Data Fig.13c-e).

Tounderstand whether suchabnormal McSC distribution can affect
theregeneration of mature melanocytes, we specifically traced the rare
bulge McSCs inyoung telogen HFs through live imaging and assessed
their ability to generate differentiated melanocytes. Telogen bulge
McSCs gaverise only to bulge/ORS* McSC progeny, without contribut-
ingtothedifferentiated melanocyte compartment (Fig. 4e,f). Moreo-
ver, bulge McSCs either remained quiescent or underwent limited
division to give rise to McSC progeny (Fig. 4e,f). This was in contrast
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to HG McSCs, which actively proliferated to regenerate progeny in
bothstem cell and differentiated cell compartments (Figs. 1c,d and 4f).
These results reveal that telogen bulge McSCs, which do not directly
contribute to bulb melanocyte regeneration, increase during HF ageing
induced by repetitive hair regeneration.
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Discussion

Collectively, our data demonstrate that the McSC system is a thin-
layered system in which HG McSCs act as both stem cells and TA cells
atthe onset of regeneration. The findings reveal anew model whereby



dedifferentiation plays anintegral partin homeostatic stem cell main-
tenance (Extended Data Fig. 11f).

This new model of McSC maintenance highlights a previously
unknown level of plasticity. We also identified the vulnerability of
this system compared with most other stem cell systems that operate
through multilayered distinct stem cell and progenitor cell popula-
tions with separate functions and locations. McSCs need to be mobile
to demonstrate their chameleon-like features, whereby they display
a TA phenotype when located in the TA compartment of the HF (the
growing HG area) and then a stem cell phenotype once translocated
into the stem cell compartment of the HF (Extended Data Fig. 11f).
Therefore, HFSC and McSC organization during tissue regeneration
may appear to be parallel when stem cell and TA cells are defined by
their differentiation phenotype. The crucial difference between these
two stem cell systems is that McSCs, which exhibit the TA phenotype
inregard to differentiation status and location, can move back and
dedifferentiate into stem cells. However, we also demonstrated that
McSC movement between the stem cell and TA compartments is not
precisely recapitulated during repeated regenerations, resulting
in the accumulation of McSCs that fail to undergo this movement
during HF ageing.

Previous studies have demonstrated that positions of individual
adultstem cells within the niche are unfixed or interchangeablein the
HFSC and intestinal systems'>?**, Because McSCs regenerate hair mel-
anocytesonly when they are within the HG compartment, their proper
localization would be required to prevent hair greying. Current theory
proposes that McSCs accumulate genotoxic damage during ageing and
aregradually eliminated over time through terminal differentiationin
response to anagen niche signals*. As such, pro-differentiation signals
arelikely to be concentrated in the HG compartment’, and bulge McSCs,
whenthey exist, may have a higher survival rate owing to reduced expo-
sure to such differentiation stimuli. Under extraordinary conditions,
bulge McSCs might act as a valid source of melanocyte production
for hair re-pigmentation, but relocation closer to the HG would be a
prerequisite for this.

Last, tumours derived from melanocytes (melanomas) retain self-
renewal ability regardless of their fully differentiated, pigmented phe-
notype®®*, which is unlike many other tumours, including epithelial
cancers. Because of this difference, melanomas are difficult to eliminate
and represent the most dangerous form of skin cancer. This study has
provided evidence for the plasticity of normal McSCs under physi-
ological conditions. An implication of this finding is that this marked
capacity of normal melanocytes to retain self-renewal ability after
undergoing differentiation could atleast partially underlie the plastic
nature of melanoma.
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