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Signalling by senescent melanocytes
hyperactivates hair growth
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Niche signals maintain stem cells ina prolonged quiescence or transiently activate
them for proper regeneration'. Altering balanced niche signalling can lead to
regenerative disorders. Melanocytic skin neviin human often display excessive hair
growth, suggesting hair stem cell hyperactivity. Here, using genetic mouse models
of nevi??, we show that dermal clusters of senescent melanocytes drive epithelial hair
stem cells to exit quiescence and change their transcriptome and composition,
potently enhancing hair renewal. Nevus melanocytes activate a distinct secretome,
enriched for signalling factors. Osteopontin, the leading nevus signalling factor, is
both necessary and sufficient to induce hair growth. Injection of osteopontin or its
genetic overexpression s sufficient to induce robust hair growth in mice, whereas
germline and conditional deletions of either osteopontin or CD44, its cognate
receptor on epithelial hair cells, rescue enhanced hair growth induced by dermal
nevus melanocytes. Osteopontinis overexpressed in human hairy nevi, and it
stimulates new growth of human hair follicles. Although broad accumulation of
senescent cells, such as upon ageing or genotoxic stress, is detrimental for the
regenerative capacity of tissue*, we show that signalling by senescent cell clusters
can potently enhance the activity of adjacent intact stem cells and stimulate tissue
renewal. This finding identifies senescent cells and their secretome as an attractive
therapeutic target in regenerative disorders.

Stem cells (SCs) are critically required for long-term tissue maintenance
and regeneration. To perform their function, SCs remain quiescent
and transiently activate only when warranted, a switch that is tightly
controlled. Immediate control is exerted by the short-range signal-
ling niche’. Inaddition, activities of thousands of individual SC niches
are coordinated by long-range signalling cues from the surrounding
tissues’. Because long-range signals coordinate activities of many SC
niches at once, any changes in them can profoundly alter the overall
regenerative potential of an organ. However, which cell types can func-
tion as efficient long-range regulators of SCs is poorly understood.
Skin offers a valuable model system for studying these fundamen-
tal aspects of SC biology. Skin contains progenitor-rich hair follicles
(HFs) that renew in cycles®. Each cycle starts with SC activation’ and
requires signalling by the niche, featuring specialized dermal papilla
fibroblasts®. Although in principle HFs are able to renew cyclically

without external signalling inputs, many thousands of HFs physio-
logically coordinate their hair-making activities for the common goal
of proper fur ‘manufacturing”. Coordination is achieved via shared
signalling between neighbouring HFs'® and other non-hair skin cell
types. The most prominent effects on hair renewal are exerted by skin
adipocytes" and adipose progenitors™. This is possible because HFs
and adipose tissue are close to each other and because they use some
of the same signalling pathways—WNT, BMP, Hedgehog and PDGF—to
regulate their cellular lineages. Innate and adaptive immune cells are
also potent modifiers of hair growth dynamics™*.

Because cyclic hair renewalis tightly controlled at the level of SC quies-
cence, naturally occurring conditions of excessive hair growth arerare.
Hairy pigmented nevi, both congenital (Fig.1a,c) and acquired (Fig. 1b),
areatype of benign skin lesionin humans that can show prominent hair
growth. Despite being well known clinically, the mechanism behind
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Fig.1|Hyperactivation of hair growthinnevusskin. a,b, Hair growth
(arrowheads) is enhanced within congenital (7-month old; a) and acquired
(42-year old; b) melanocytic neviin humans. ¢, Facial HFs that commonly
remainintelogeninnormalskin (left) activate and enter new anagenin nevus
skin (right). The red arrowheads mark dermal melanin. d,f,g, Compared with
P33 WTanagen skin, P56 Tyr-Nras?*skin contained clusters of Trp2'p15'Ki67"
melanocytesinthe upperdermis.Ing,n=4;P=0.0455668.e, P56 Tyr-Nras?®
skin contained clusters of TRP2'YyH2AX'PCNA"¢ dermal melanocytes.

h, Compared with P30 WT anagen skin, P56 Tyr-Nras?* skin showed ignificantly
increased numbers of TRP2'Ki67"°¢ (n =3; P=0.0019135) and TRP2*'yH2A X"
melanocytes on cytometry (n=3; P=0.0028236).i-k, Tyr-Nras®* mice
displayed enhanced hair growth. At all postnatal time points examined (also

excessive hair growthin neviis not understood. Oncogene mutations,
commonly in Nras (also known as Alps4) or Braf, in skin melanocytes
induce nevi®. Mutant cells first transiently expand but subsequently
activate oncogene-induced senescence (OIS)*, giving rise to aspatially
restricted lesion enriched for senescent cells. Oncein full senescence,
cells express a specialized secretome: the senescence-associated
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see Extended DataFig. 1), Tyr-Nras®* skin contained many ectopic anagen HFs.
Anagen HFs are quantified (i).Ini,n=9atP30,n=12(P=0.0000108) at P44,
n=21(P=0.0000000000183)atP56,n=12(P=0.00329)atP69 andn=17
(P=0.0000239) at P100.Inj, 12 days after shaving at P50, many new hairs grew
in Tyr-Nras®'¥, but notin WT mice. Ink, at P56, Tyr-Nras®';TOPGAL mice, but
not control TOPGAL mice, showed many lacZ" anagen HFs (arrowheads).

Ing-i, nreferstobiologicallyindependent samples. Dataare mean +s.d. Pvalues
were calculated using unpaired one-tailed (g,i) or two-tailed (h) Student’s
t-test.*P<0.05and **P< 0.01.Scalebars,20 um (e), 100 pm (d), 500 pm (c),
1mm (wholemount; k) and 200 um (histology; k). Theimagein partais
reproduced with permission fromS. Liber.

secretory phenotype (SASP). Several inflammatory cytokines and
growth factors are part of the SASP, and their essential signalling roles
arebeingrapidly recognized in normal embryonic development®®, cel-
lular reprogramming™, injury repair® and cancer progression**2, We
hypothesized that enhanced hair growthinhairy neviis driven by activat-
ing signalling from dermal clusters of senescent melanocytes to HF SCs.
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Senescent cells activate hair growth

First, we asked whether mouse models for melanocytic nevi replicate
enhanced hair growth. We studied two established models: constitu-
tive Tyr-Nras®'* mice?, which model congenital nevi, and inducible
Tyr-CreER™;Braf"*° mice?, which model acquired nevi.Inboth models,
oncogenes are overexpressed from the Tyrenhancer-promoter regula-
toryregionthatis highly specific to neural crest-derived melanocytes.
Normal hair growthin miceis coordinated: large groups of HFs jointly
transition from theresting phase (telogen) to the active growth phase
(anagen) and then via the regression phase (catagen) back into telo-
gen®, This coordination causes HF SCs to spend a large portion of
their lifecycle in quiescence, only transiently activated to regenerate
new hairs within discrete HF groups. Resting HFs house melanocyte
SCs, located in the shared niche with epithelial SCs, whereas growing
HFs also contain activated, pigment-producing melanocytes at their
base. Tyr-Nras%®* mice, whose dermis but not HFs themselves become
populated by senescent melanocytes identified as non-proliferative
p15* (Fig.1d,f,g) and non-proliferative yH2AX" melanocytes (Fig. 1e,h),
showed dramatically accelerated hair growth, with many ectopic ana-
gen HFs present at any given time (n =3 per time point) (Fig. li-k and
Extended Data Fig. 1). In control mice, dorsal HFs were in first anagen
at postnatal day 15 (P15) (Extended Data Fig. 1a), first telogen by P23
(Extended Data Fig. 1b) and second anagen by P36 (Extended Data
Fig. 1c). After that, HFs entered a lengthy second telogen spanning
P44-P69 (Extended Data Fig. 1d-g). By contrast, at all time points
examined, Tyr-Nras®™®skin contained ectopic anagen HFs (Fig. 1i,j and
Extended Data Fig. 1), which were numerous even at P100 (Extended
Data Fig. 1h). The ectopic anagen phenotype was especially visible in
Tyr-Nras?®*; TOPGAL mice (n = 4), where all anagen HFs strongly acti-
vated the TOPGAL WNT reporter and stained positive for lacZ (Fig. 1k).
Ectopicanagen HF density in Tyr-Nras®™ mice varied between the time
points, butonaverage it was 35.4% relative to synchronous anagen HF
density in P30 wild-type (WT) skin (Fig. 1i). We crossed Tyr-Nras®™* mice
ontoanalbino Tyr(C-2J) background carrying amutationinthe Tyrgene.
Despite the lack of melanin, albino Tyr-Nras®* mice displayed ectopic
anagen atboth P56 and P100 (Extended Data Fig.1j), indicating that it
isnot excessive melanogenesis but rather senescent melanocytes that
are necessary for the nevus hair phenotype.

Next, we modelled early acquired nevi in Tyr-CreER™;Braf"*°°*
mice that were treated with tamoxifen either early at P2-P4 or late
at P21-P25. Unlike induced control animals, induced mutant mice
accumulated clusters of senescent non-proliferative p15* (Extended
Data Fig. 2a), non-proliferative yH2AX" (Extended Data Fig. 2b,c) and
non-proliferative p16" (Extended Data Fig. 2d) melanocytes in the
dermis adjacent to HFs. Mutant mice induced at P2-P4 displayed
prominent ectopic anagen at P44, P56, P69 and P100 (n = 4 per time
point) (Extended Data Figs. 1k and 4a,b). Across time points, they
averaged 35.7% anagen HFs relative to P30 WT skin, which closely
phenocopied congenital Tyr-Nras?* mutants. Likewise, mutant mice
treated with tamoxifen at P21-P25 also showed prominent ectopic
anagenstartingat P56 (n >3 per time point) (Extended Data Fig. 4c,d).
We also asked whether injection of nevus-derived melanocytes into
normal telogen skin would be sufficient to induce ectopic anagen.
We sorted tdTomato® melanocyte lineage cells from the skin of con-
genital Tyr-Nras®®; Tyr-CreER™;tdTomato (Extended Data Fig. 3a) and
acquired Tyr-CreER™;Braf "*°%;tdTomato mice (Extended DataFig. 3c).
Intradermal injection of sorted cells from both nevus mouse models
into telogen skin of SCID mice (n = 4 each) induced new anagen within
21days (Extended Data Fig. 3b,e), albeit their continued senescent
status at the grafted site was not verified. Yet, by contrast, injection of
sorted cells from control Tyr-CreER™;tdTomato mice isolated during
both telogen (P56) and anagen (P33) did not activate new anagen in
SCID host skin (n = 4 each) (Extended Data Fig. 3d,f-i). We also gen-
erated senescent 3-galactosidase-positive (3-Gal’) melanocytes by

810 | Nature | Vol 618 | 22 June 2023

exposing primary CD117* newborn mouse melanocytes to H,0, in vitro
(Extended DataFig. 3j-1). Unlike control cultured melanocytes (n=7),
Dil-labelled H,0,-treated melanocytes induced new anagenintelogen
SCID skin 21 days after injection (n = 6) (Extended Data Fig. 3m-o0).
We also subcutaneously treated mice with the small-molecule BCL-2
inhibitor ABT-737, which in P56 Tyr-Nras%™ mice, induced prominent
apoptosis of melanocytes but did not affect the abundance of HF SCs
(n=35) (Extended DataFig. 5c,d), and in P33 WT mice did not delay nor-
malanagentiming (n =7) (Extended Data Fig. 5e). By contrast, ABT-737
treatment of Tyr-Nras®™ mice significantly reduced ectopic anagen
HFsat P56 (n = 6) (Extended Data Fig. 5a,b), which we attribute to nevus
melanocyte depletion. Next, we studied K14-Edn3 and K14-Kitl mice,
which, respectively, showed expansion in dermal and epidermal mel-
anocytes that is not driven by oncogene mutation. Both mouse mod-
els showed normal hair cycle progression, with synchronized anagen
at P36 (n =3 per model) and synchronized telogen at P56 (n =3 per
model) (Extended Data Fig. 5f-i). Last, we induced Trp53 (also known
as p53) deletion in melanocytes, which despite being an oncogenic
stimulation, did not induce OIS, unlike Nras®™ or Braf**°** overex-
pression. Analogous to control mice, HFs in tamoxifen-treated P56
Tyr-CreER™; Trp53™" mice remained in telogen (n = 3) (Extended Data
Fig. 5j). Together, our data show that congenital and acquired mouse
models for melanocyte OIS reproduce the enhanced hair growth thatis
clinically observed in human hairy pigmented neviand that senescent
dermal melanocytes, but not normal melanocytes, are necessary and
sufficient to hyperactivate HF renewal.

Senescence disrupts SC quiescence

We next asked how bona fide HF bulge SCs are affected by the nevus
environment. We profiled their transcriptomes by RNA sequencing
(RNA-seq) at P30 and P56, when WT HFs are in anagen and telogen,
respectively. Bulge SCs were isolated as GFP*CD34*Pcad'" cells
both from K14-H2B-GFP control mice and Tyr-Nras®'*;K14-H2B-GFP
mutant mice, in which CD34 and Pcad maintain WT expression pat-
terns (Extended Data Fig. 6a,b). RNA-seq revealed prominent gene
expression differences between Tyr-Nras?™ and control bulge SCs
(Fig. 2a, Extended Data Fig. 6¢c and Supplementary Table 1). The larg-
estdifferences were seen at P56, with mutant SCs downregulating and
upregulating 973 and 1,159 genes, respectively. Depleted gene ontology
categories formutant SCsincluded cell cycle block, circadian rhythm,
and WNT andJAK-STAT suppression, whereas enriched categories con-
tained cell cycle, cell migration, WNT signalling and skin development
(Extended DataFig. 6d and Supplementary Table 1). These gene ontol-
ogy signaturesindicate that Tyr-Nras®* bulge SCslose quiescence. At
the gene level, multiple quiescence markers, including Axin2, Bmp2,
Coll7al, Ctgf, Fgf18, Foxcl, Greml, Nfatcl and Wifl, were downregulated
in P56 Tyr-Nras®* SCs (Fig. 2b,c and Supplementary Table 1).

To confirmthat the Tyr-Nras?*bulk RNA-seq signature is not being
simply dominated by near-normal activated SCs from ectopic anagen
HFs, we compared P56 mutant with P30 anagen and P56 telogen WT
bulge cells by single-cell RNA-seq. WT cells from P30 and P56 formed
the shared cluster C1and two phase-specific clusters: anagen-specific
C2and telogen-specific C3 (Fig. 2d-f). Upon marker analysis, C1 cells
matched the signature of inner bulge cells, whichincludes Chit1, Krt6a
and Krt80, whereas both C2 and C3 cells matched that of outer bulge
bona fide SCs, which includes Col18al, Krt17, Lhx2, Tcf712 and Vdr®
(Fig. 2h, Extended Data Fig. 6e-j and Supplementary Tables 2 and 3).
P56 mutant bulge cells dramatically altered their composition relative
to WT cells; some cells contributed to the shared inner bulge cluster
C1, others to the WT anagen-specific outer bulge cluster C2, whereas
many cells formed two new mutant-specific clusters C4 and C5, which
retained acore outer bulge signature (Fig. 2fand Extended Data Fig. 6e).
No mutant cells contributed to the WT telogen-specific outer bulge
cluster C3, which has a quiescent gene expression signature, including
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Fig.2|Hair SCs within nevus skinlose quiescence.a, On RNA-seq analysis,
Tyr-Nras?®* bulge SCs differ from P30 and P56 WT bulge SCs. A principal
component analysis plotis shown. See Extended DataFig. 6.b, Alist of selected
downregulated (red) and upregulated (green) genes at P56 and Tyr-Nras®* to
WT fold change values. ¢, qQRT-PCR of selected differentially expressed genes
froma.n=3.d, t-Distributed stochastic neighbour embedding (t-SNE) analysis
onsingle-cellRNA-seqdatafor P30 and P56 WT and P56 Tyr-Nras?* bulge SCs.
Cells form five clusters: C1to C5. e, Cladogram showingrelative cluster
similarity. f, t-SNE plot colour-coded by sample source. g, t-SNE plot colour-
codedbyinferred cell cycle state. h, Violin plots for selected genes. See
Extended DataFig. 6. TPM, transcripts per million. i, EdU pulse-chase analysis
onbulge SCs. Unlike total numbers of CD34*CD49f" bulge SCs (top), their EAU*

Bmp2, Coll7al, Ctgf, Greml, Nfatcl, TgmS and Wifl (Extended Data
Fig. 6f). Loss of quiescence by mutant-specific outer bulge SCs was fur-
therevident frominferred cell cycle analysis: C5 cells were exclusively
inS and G2/M phases (Fig. 2g) with prominently upregulated mitotic
markers (Fig. 2h and Supplementary Table 3). Given that Tyr-Nras%
skin contains a mixture of anagen and telogen HFs, the disappearance

label-retaining subset reduced significantly in Tyr-Nras?* versus control mice
(bottom).n=7(P=0.061857) for CD34"CD49f* SCsand n =6 (P=0.00020438)
for CD34"CD49f"EdU" SCs. See Extended Data Fig. 7. FSC, forward scatter.

j, Unlike WT, Tyr-Nras%™* HFs from partilacked EQU'SOX9* bulge SCs (yellow).
k.1, Attachment rates for the K14-H2B-GFP' bulge (k) and hair germ (1) cells were
compatible between WT and Tyr-Nras?* mice. Arrowheads mark cell colonies.
m, Compared withWT, Tyr-Nras®* bulge SCs prominently reduced serial
passaging potential, whereas it was unaltered for hair germ progenitor cells.
n=3(P=0.5185185) for hair germcellsand n =3 (P= 0.0168963) for bulge cells.
Inc,i,m, nreferstoindependent experiments. Pvalues were calculated using
unpaired two-tailed Student’s t-test. Not significant (NS), P> 0.05,*P< 0.05and
**P<0.01.Scalebars, 100 um (j) and 1 mm (k,I).

of WT telogen-specific C3 outer bulge cells supports the loss of quies-
cence by mutant telogen SCs. Outer bulge marker similarities between
clusters C2 to C5 suggest that in the presence of nevus melanocytes,
normally quiescent telogen SCs transition to a uniquely activated state.

Next, we confirmed loss of quiescence in functional assays. For pulse
and pulse-chase experiments, which measure the cell cycle status of
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cells, mice were treated with EdU between P27 and P34, when WT HFs
areinanagen and their SCs proliferate. Four hours after the EdU pulse,
Tyr-Nras®*mice displayed bulge SC labelling efficiency that was com-
patible with WT SCs (Extended DataFig. 7a,b). However, in a pulse-chase
assay, there was a prominent loss of EdU-retaining SCs in Tyr-Nras®'™*
mice as noted upon analysis at P92 (n = 4 per genotype) (Fig. 2i,j).
We then performed a clonogenic assay, which measures long-term
proliferative potential by cultured cells and identifies SCs on the basis
ofthembeing able to formlarge clones over many serial passages. We
show that the attachment ability of Tyr-Nras®* bulge SCs was similar to
that of WT SCs, but their serial passaging potential was compromised;
mutant SCs supported 6 passages (n = 3) compared with 13.7 passages
for WT SCs (n =3) (Fig. 2k,m). A decrease in passaging potential by bulge
SCsindicatestheir faster proliferative exhaustion, alikely consequence
of their long-term hyperproliferative status in vivo before culture.
Attachment rates and passaging potential, however, did not differ
between mutant (n =3) and WT mice for hair germ cells, ashort-lasting
population of epithelial progenitors in telogen HFs (n = 3) (Fig. 2I,m).

Osteopontin stimulates hair growth

Next, we asked which signalling factors are expressed by nevus mel-
anocytes. Weisolated the melanocyte lineage as tdTomato* cells from
the tamoxifen-induced Tyr-Nras®'*; Tyr-CreER™*;tdTomato mutant
and Tyr-CreER™;tdTomato control skin. P56 mutant cells were com-
pared with both P30 anagen and P56 telogen WT cells on bulk RNA-seq
(Extended DataFig. 7c,d). This strategy identified 598 mutant-specific
upregulated genes, and also excluded genes regulated as part of the
normal hair cycle. Mutant-specific genes were enriched for gene ontol-
ogy terms, including ageing, WNT suppression, cell cycle block and
mitotic division (Extended Data Fig. 7f and Supplementary Table 4).
Consistent with dermal clusters of mutant melanocytes undergoing
OIS, they upregulated tumour suppressors Cdkn2b (also known as p15),
Lzts1,aswell as Cdkn3, H2afx and the mitosis-associated genes Aurka/b,
Cdca3/8, Cdc20/25¢c, Cenpa, Mad2l1, Ncaph, Knstrn, Plk1, Psrc1 and
Reep4 (Extended Data Fig. 7g,i). Upregulation of mitosis-associated
genes is consistent with the fact that oncogene-stimulated mel-
anocytes enter OIS via a mitotic arrest pathway, rather that via GO
phase®. Focusing on the secretome, we identified 27 signalling factors
specifically upregulated in nevus melanocytes, including the BMP
members Bmp4 and Fstl1, the WNT members Frzb, Wifl and Wisp1,
the IGF regulators Igfbp2/4/7, as well as Dhh, Fgf7, Spp1 (also known
as osteopontin) and Tnf (Extended Data Fig. 7e). Of note, 68% of the
secretome genes enriched in BRAF*°*-induced human senescent
melanocytesin vitro?and 71% of the core in vitro SASP factors” were
represented in the transcriptome of P56 Tyr-Nras%* melanocytes
(Extended Data Fig. 7h).

Sppl was one of the topmost upregulated signalling transcripts
in nevus melanocytes on RNA-seq. We confirmed this change at the
proteinlevel in sorted melanocytes from both the congenital and the
acquired nevus mouse models. On cytometry, SPP1 levels were sig-
nificantly increased in melanocytes from P56 Tyr-Nras?* mice (n = 3)
(Fig.3a) and from tamoxifen-induced Tyr-CreER™;Braf"*°*f mice relative
to control melanocytes at five time points between P44 and P100 (n=3
each) (Fig.3d and Extended Data Fig. 4f-i). Significantly increased SPP1
levels in P56 Tyr-Nras®™ and in P69 Tyr-CreER™;Braf"*°° melanocytes
were confirmed by western blot (n =3 each) (Fig. 3¢,f). Significant
increase in SPP1secretion was observed by ELISA on day 5 cultures of
primary melanocytes sorted from P56 Tyr-Nras®* mice (n = 3) (Fig.3b)
and from Tyr-CreER™;Braf"*°*f mice at four time points between P56 and
P100 relative to control melanocyte cultures (n =3 each) (Fig. 3e and
Extended DataFig. 4e). Onstaining, clusters of Trp2*SppI* melanocytes
were observed in the upper dermis adjacent to bulge regions of HFs
only in nevus mice, both congenital (Fig. 3g) and acquired (Extended
DataFig. 41), but not in control mice. Consistent with published gene
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expression analyses®, lacZ staining in SppI”~ mice (which carry B-Gal
knock-in) shows that Spp1 expression in normal skin at homeostasis
is very restricted, largely limited to dermal papilla fibroblasts of HFs
(Extended Data Fig. 8a—-c). Together, the above data support that
SPP1is an upregulated signalling factor in dermal clusters of nevus
melanocytes.

Next, we asked whether SPP1 has a functional role in hairy nevus
phenotype and whether it is sufficient to induce new hair growth. Using
Tyr-Nras®®;Spp1”~ mice, we showed that a germline loss-of-function
mutation in Sppl is sufficient to rescue hair cycle quiescence in con-
genital nevus skin. Compared with Tyr-Nras?* mice, whose HFs start
cycling ectopically already at P23 (Extended Data Fig. 1b), ectopic
anagen in Tyr-Nras®;Spp1”~ mice is largely prevented (n = 6 per
time point) (Fig. 3h and Extended Data Fig. 8d-g). We also generated
Tyr-CreER;Braf*°°;Spp """ mice, in which tamoxifen treatment induces
aconditional Spp1 loss-of-function mutationin melanocytes along with
oncogenic BRAF stimulation. We showed that melanocyte-specific
Sppldeletionlargely prevented ectopic hair cyclein P62 Sppi1-deficient
nevus mice compared with SppI-intact nevus control animals (n =35
each) (Fig. 3i), and that this correlated with a significant, approximately
70%, decreasein SPP1secretion in primary melanocyte culture by ELISA
(n=3) (Fig.3j). Partial SPP1loss s attributed to incomplete efficiency
of CreER-based recombination.

Unlike at homeostasis, SPP1 becomes prominently upregulated in
skin wounds, both in wound fibroblasts* and wound macrophages?.
Considering this, we asked whether it mediates wound-induced
hair growth phenomenon, when HFs at the wound margin enter
premature anagen. Indeed, compared with WT mice (n=8), Spp1™~
mice showed significantly fewer anagen HFs at the margin of 5-mm
wounds 11 days post-wounding (n = 7) (Fig. 3k). Ectopic anagen was
prominentlyinduced 12 days after intradermaliinjection of SPP1-soaked
beads in WT mice compared with BSA-soaked control beads (n=35
each) (Fig. 31). Moreover, premature anagen was activated by P54 in
Tyr-rtTA;tetO-SppI mice, induced with doxycycline starting from P42.
Compared with doxycycline-treated control mice, which remained in
telogen, Tyr-rtTA;tetO-Spp1 mice displayed broad anagen activation
(n=3 mice each) (Fig.3m,n). Therefore, SPP1is sufficient to induce
new hair growth and it mediates hair growth activation in at least two
skin states: melanocytic nevus and wound healing.

CD44 mediates the osteopontin effect

SPP1 signals via distinct binding sites to its cognate receptors:
B-integrins and CD44 (also known as CSPG8). Of these, CD44 is an
established stemness marker inseveral cancer types, where it promotes
proliferation, invasiveness and radio-resistance?. SPP1 preferentially
binds toalternatively spliced CD44v isoforms, which show enrichment
inbulge SCs on RNA-seq (Extended Data Fig. 9a). Inresponse to SPP1,
CD44 undergoes proteolytic cleavage by y-secretase, which releases
its nuclear-targeted intracellular domain (CD44-ICD), thus coactivat-
ing HIF1A, EPASI1, EP300 and CREBBP to regulate gene expression?.
Mmp?9, adirect downstream target of CD44-ICD signalling®, is one of
the top upregulated genes in Tyr-Nras?* bulge SCs (Extended Data
Figs. 6cand 9b) and bulge SCsretain high expression of all y-secretase
subunits as well as CD44-ICD-binding transcriptional factors (Extended
DataFig.9c,d).

We asked whether CD44 mediates hair growth hyperactivation in
the nevus. Consistent with previous single-cell RNA-seq profiling,
CD44 is prominently expressed across all epithelial compartments of
the HF?, including in bulge SCs, both in control and Tyr-Nras®* mice
(Fig. 4a and Extended Data Fig. 9¢). At the protein level, SPP1 colo-
calizes with CD44 in bulge SCs in both Tyr-Nras®™ and Tyr-CreER";
Braf"%°* mice (Fig. 4c,d). Next, we asked whether Cd44 deletion com-
promises bulge SC abundance and proliferative potential. The per-
centage of either total CD34°CD49f" bulge SCs or their EdU-labelled
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Fig.3|Secretome of nevus melanocytes contains SPP1that promotes hair
growth.a,d, Oncytometry, SPP1wasincreasedin P56 Tyr-Nras? (a) and P69
Tyr-CreER™;Braf"*°% (d) melanocytes. In a, for the permeabilized condition,
n=3inWTandn=>5in Tyr-Nras®* (P=0.000000115); for the surface-bound
condition,n=3inWTand n=>5in Tyr-Nras%®* (P=0.0257).Ind, for the
permeabilized condition, n=3 (P=0.001397); for the surface-bound condition,
n=3(P=0.2888).See Extended DataFig.4.c,f, On westernblot, SPP1levels were
increased in P56 Tyr-Nras?'¥ (c) and P69 Tyr-CreER™;Braf"*°% (f) melanocytes.
Inc,n=3;P=0.00784.Inf,n=3;P=0.0109. Uncropped gels are shownin
Supplementary Fig.1.b,e, OnELISA, SPP1levelsincreased inday 5 cultures of
P56 Tyr-Nras®'* (b) and P69 Tyr-CreER™*:Braf"*°** (e) melanocytes.Inb,n=3in
WTandn=4in Tyr-Nras®*; P=0.00072.Ine,n=4; P=0.00224.See Extended
DataFig.4e.g, Unlike WT, Tyr-Nras?* skin contained Trp2'SppI’ melanocytes
adjacent to HF bulges. h, Anagen HF quantificationin Tyr-Nras®;Spp17/-

versus Tyr-Nras®;Spp1”~ control mice. At P44,n=12in controland n=14in
Tyr-Nras®®;SppI”~ (P=0.0000000191); at P56, n=12in controland n=15in
Tyr-Nras®™;SppI”~ (P=0.0000195).i, Tyr-CreER™*;Braf"*°%; Spp mice showed

subset after 7 days of EAU pulse did not significantly change in ger-
mline Cd44”~mutant versus control mice (n = 3 each) (Extended Data
Fig. 9f,g) as well as in epithelial-specific constitutive K14-Cre;Cd44™
mutant versus control mice (n =3 each) (Extended Data Fig. 9i,j).
Also unchanged was the in vitro colony-forming potential by sorted
bulge SCs both from Cd44”~ and K14-Cre;Cd44™" mice versus control

hair cycle quiescence rescue. Representative samples (left) and quantification
(right) are displayed.n=9; P=0.000731. Arrowheads mark anagen HFs. j, On
ELISA, SPP1levels were reducedin day 5 cultures of Tyr-CreER™;Braf "*°%; Spp1™/
versus Tyr-CreER™;Braf"*°° melanocytes.n=4;P=0.00242.k, Sppl”~mice
showed reduced wound-induced hair growth. Representative samples (left)
and quantification (right) are displayed.n=8inWTandn=7inSppl™”;
P=0.0000575.1,Unlike BSA-soaked beads (blue), SPP1-soaked beads induced
anagenin WT skin12 days after injection. Representative samples (left) and
quantification (right) are displayed.n=5; P=0.00562.m,n, Unlike control,
doxycycline (dox)-treated P54 Tyr-rtTA;tetO-SppI mice displayed premature
anagen. Representative mice (m) and quantification (n) are displayed.
Inn,n=9;P=0.000000377.Inb,c,e fj, nreferstoindependent experiments.
Ina,d,h,i,k,I,n, nreferstobiologicallyindependent samples. Dataare mean+s.d.
Pvalues were calculated using unpaired two-tailed Student’s t-test. NS, P> 0.05,
*P<0.05and**P<0.01.Scalebars,100 um(g),200 pm (histology; i,m) and

500 pm (wholemount;i,k,1,m).

animals (n = 6 each) (Extended Data Fig. 9h,k). Therefore, loss of CD44
alone does not compromise key bulge SC properties. Next, we asked
whether CD44 function is required for HF response to SPP1. Indeed,
anagen induction in response to SPP1-soaked beads was significantly
suppressedin Cd447~ versus control mice (n = 5each) (Fig. 4e). Likewise,
significantly fewer anagen HFs were induced at the wound margin of
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Fig. 4 |Effect of SPP1on hair growth depends on CD44.a,b, Epithelial

HF cellsinboth WT control (a) and Tyr-Nras?¥ (b) mice strongly expressed
CD44.Samples were also stained for the epithelial keratin marker KRT14.

¢,d, Co-staining for SPP1and CD44 in Tyr-Nras?¥ (c) and Tyr-CreER™*;Braf"*°* (d)
skinrevealed SPP1"¢" clusters of dermal cells adjacent to CD44* bulge cells
withweaker colocalizing SPP1signal (yellow arrows). e, Cd447~ mice showed
significantly reduced anagenactivation in response to SPP1-soaked beads
compared with WT mice. Representative samples (left) and quantification
(right) are displayed. n=5; P=0.00938.f, Cd44” mice showed reduced
wound-induced hair growth compared with WT mice. Representative samples
(left) and quantification (right) are displayed.n=6inWTandn=5in Cd44™;
P=0.0494.g,h, Tyr-Nras®*;CD44” mice lacking Cd44 showed rescue of hair
cyclequiescence. At P44, Tyr-Nras®¥;Cd447HFswerein coordinated telogen (g).

Cd44” mutant (n =5) versus control mice (n = 6) (Fig. 4f). Furthermore,
Cd44 deletionin Tyr-Nras®;Cd44™ miceled to rescue of ectopic hair
cycling, phenocopying the effect of SppI deletion in the Tyr-Nras®™
background (Fig. 4g-i and Extended Data Fig. 91,m). Loss of SPP1
responsiveness in the soaked bead experiment was also phenocop-
ied upon epithelial-specific Cd44 deletion in K14-Cre;Cd44™" as well
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and quantification (right) are displayed.Inj, n =4 in controland n = 6 in mutant;
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asin tamoxifen-inducible K14-CreER";Cd44"" mice. Compared with
SPP1-treated control mice (n =4 each), the numbers ofinduced anagen
HFs weresignificantly reduced both in K14-Cre;Cd44™ (n = 6) (Fig. 4j)
andininduced K14-CreER";Cd44™" (n = 3) mice (Fig. 4k). Therefore, the
hair growth-activating effect of SPP1in nevus skin requires epithelial
CD44 signalling.
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d,e, SPP1and TRP2 co-staining. In normal skin, TRP2" melanocytes did not
express SPP1(d), whereas in nevusskin, clusters of TRP2°'SPP1" cells were seen
nextto HF bulge regions (e). f, SPP1and SOX10 co-staining. Nevus skin

Human hairy nevi upregulate osteopontin

We also examined signalling aspects of congenital hairy neviin humans.
Whole-tissue RNA-seq revealed prominent differences between con-
genital hairy neviand adjacent normal facial skin, and patient-to-patient
variability (Fig.5a, Extended DataFig. 9n,0 and Supplementary Table 5).
Nevishowed enrichment for the melanogenesis genes BCAN, GPR143,
MITF, MLANA, MLPH, PMEL,SOX10, TRP2, TYR and TYRPI, and consistent
with Tyr-Nras®™* mouse data, they upregulated the tumour suppressor
genes CDKN2A, GASS, LZTS1, MIA and the mitotic markers ANKRDS3,
MADILI, NEK6 and PSRC1, albeit the latter can be contributed by prolif-
erating HF cells. Among secreted factors, nevi upregulated SPP1, several
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TGFB/BMP members GDF1/10/11/15 and BAMBI, the WNT modulators
DKKLI1,FRZB, aswellas CCL18,IL17D and PDGFD (Fig.5b). SPP1wasamong
upregulated secretome factors shared between human hairy nevicon-
sistently across patients and Tyr-Nras®* mouse melanocytes (Extended
Data Fig. 9p), which we validated by quantitative PCR with reverse
transcription (QRT-PCR) (Fig. 5¢) and immunostaining (Fig. 5d-h).
SPP1 expression was prominent in dermal clusters of either TRP2*
(Fig. 5e) or SOX10" melanocytes (Fig. 5f) surrounding bulge regions
of HFs. Finally, we tested the hair growth-inducing effect of SPP1on
human scalp HFs in albino Nude or pigmented SCID host mice®. Skin
nextto telogen HFs were treated with three daily doses of SPP1 or saline.
Compared with control (n=7), SPP1(n =11) accelerated anagen entry
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inhuman HFs, sometime accompanied by anagen entry in mouse HFs
(Fig. 5i,j). We conclude that SPP1is a nevus melanocyte-derived hair
growth activator in humans.

Discussion

In this work, we studied how melanocytic skin nevi develop hair over-
growth, which led us to discover that senescent cells can prominently
activate tissue-resident SCs and stimulate regeneration. Traditionally,
accumulation of senescent cells in tissues is viewed as detrimental to
their regenerative potential. This scenario plays out during natural
advanced ageing, pathologically accelerated ageing or upon genotoxic
exposure*, Broad build-up of senescent cells depletes the regenerative
capacity of tissues in part via direct elimination of SCs (that is, many
SCs become senescent and, thus, non-proliferative) and in part via
excessive activation of cytokine-rich secretome (thatis, SASP)”. SASP
factors induce a state akin to low-grade inflammation, which, when
persistent, triggers tissue fibrosis. Not surprisingly, systemic deple-
tion of senescent cells in mice delays ageing phenotypes®’, whereas
senolytics, drugs that selectively kill senescent cells, have emerged
as promising candidate therapeutics for age-related pathologies™.

However, recent evidence points towards alternative, beneficial
effects of senescent cells on tissue growth. Senescent cells form in
multiple embryonic tissues, including in the apical ectodermal ridge
of the developing limb in mice’®. Such ‘developmental’ senescent
cells secrete signalling factors thought to instruct growth by sur-
rounding non-senescent embryonic cells. Senescent cells also fre-
quently emerge in non-aged adult tissues upon injury, where SASP
factors stimulate enhanced repair. This scenario has been observed
in zebrafish after finamputation®, in mice following exercise-induced
or cardiotoxin-induced skeletal muscle injury®**, surgical resection of
liver® and excisional skin wounding®. In tumours, excessive growth by
cancer-initiating cells can rely on stimulating paracrine signals from
adjacentsenescentcells. The latter can form among cancer-associated
stromal cells®* or within cancer cell lineage itself, either triggered by an
oncogenic mutation (OIS mechanism) or genotoxic anticancer therapy
(DNA damage-induced senescence)*. The above examples teach that
the paracrine component of the cellular senescence programis com-
monly used as part of the tissue growth-promoting mechanism. The
mechanism of hair overgrowth reported by usin skin nevi exemplifies
growth-promoting property of senescent cells (Extended Data Fig.10).
In Supplementary Discussion 1, we discuss conditions necessary for
the promoting effect of senescent cells on tissue growth and insights
offered by the hairy nevus model.

Whether hairy melanocytic nevusis an outlying example of the kind
of effects that senescent cells exert on HFs still remains unknown.
Indeed, commonly reduced rather than enhanced hair growth is
observed in animal models and in people with increased senescent
cellburden—advanced age, progeria or exposure to radiation and
chemotherapy. Hair overgrowthis also a leading clinical presentation of
smooth muscle hamartoma, a congenital or acquired benign nevus-like
condition driven by OIS-activating mutations in cutaneous smooth
muscle cells”. At the same time, nevus sebaceous, where keratinocytes
carry OlS-activating mutations, does not present hair overgrowth, but
instead features exuberantly enlarged sebaceous glands®. We posit that
the exact tissue-level consequence of senescence (for example, hair
growth versus sebaceous hypertrophy) depends onthe exact molecular
composition of SASP, which in turn depends on the original lineage
of cells that become senescent, the senescence-inducing mechanism
and possibly other factors. That SASP composition is probably het-
erogenous is also strongly supported by molecular data emerging
from other recent studies on the senescent cell secretome (reviewed
in Supplementary Discussion 2).

SPP1is the lead SASP factor secreted by senescent dermal melano-
cytes that potently induces hair growth. SPP1is also the topmost SASP
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factor produced by senescent cancer-associated fibroblasts*, and its
signalling via CD44 promotes cancer cell stemness, tumour growth
and radio-resistance®®. We showed that the hair growth-promoting
effect of SPP1 also requires an intact CD44 receptor on epithelial
cells. Consistently, an SPP1 sequence-based synthetic peptide lack-
ing the CD44-binding site fails to promote epithelial proliferation in
cultured human HFs¥. In this context, our data points to future hair
growth-stimulating therapies in which select SASP factors, such as
SPP1orits CD44-binding derivatives, are injected into hair loss-affected
skin. In support of this approach are clinical cases reporting hair
loss-resistant melanocytic nevion the scalp of patients with alopecia,
including alopecia universalis*’.

Severalintriguing questions arise fromour study that require future
investigation. First, not all melanocytic neviin people are hairy, prob-
ably because they do not satisfy all of the conditions necessary for
the growth-promoting effect of senescent cells. In-depth compari-
son of hairy versus non-hairy human nevi will probably reveal new
cellular and molecular diversity of these understudied tissue states.
Second, in addition to growing more frequently, hairs in human nevi
alsobecome thicker and longer, a property known as terminalization.
Because hairsin mice cannot undergo terminalization, future studies
on human nevus hairs will probably reveal additional signalling effects
of SASP on HF cells, beyond SCs. Third, despite carrying activating
oncogene mutations, melanocytesinboth Tyr-Nras®™* and Tyr-CreER™;
Braf"*°° mice become senescent in the dermis next to HFs, but not
within HFs themselves. This suggests that a distinct signalling micro-
environment within HFs can effectively counteract the OIS mechanism.
Future studies comparing signals that melanocytes receive from other
cellsin their dermal versus HF locations will probably identify new
senescence-preventing pathways. Last, normally, melanocytes are
not critical regulators of HF SCs and hair growth timing (that is, grey
hairs still grow robustly). Thus, acquisition of senescence can confer
non-niche cells with novel niche-like properties. By the same accord,
acquisition of senescence and SASP by ‘professional’ niche cells (for
example, dermal papillafibroblasts in HFs) may endow them with new
regulatory properties. Future works should seek similar effects of cel-
lular senescence on SC functions in other actively renewing organs,
such as gut and bone marrow.

In conclusion, our study into the peculiar, yet poorly understood
skin condition of hairy nevus led us to identify a distinct regulatory
mechanism foradult SCs by tissue-resident senescent cells. These find-
ings have far-reaching implications for advancing our understanding
of SCniche regulation and for developing new therapeutic strategies
toregenerative disorders.
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Methods

Experimental mouse models

Thefollowing mouse lines were used: Tyr-Nras®, Tyr-rtTA, Tyr-CreER™,
Tyr(C2)), Braf"*°%, Trp53™*, Spp1”'~, Spp "™, tetO-Spp1, Cd44™"~, Cd44™,
K14-Cre, K14-CreER", K14-H2B-GFP, K14-Edn3, K14-Kitl, td Tomato, TOP-
GAL, Nude and SCID. Tissue-specific mouse models were produced by
crossing either Cre-carrying or CreER-carrying animals with flox-ed
gene carrying animals, or r¢TA-carrying animals with tetO-carrying
animals. All animal experiments followed all relevant guidelines and
regulations and were approved by the Institutional Animal Care and
Use Committee at China Agricultural University (to Z.Y.) and/or the
Animal Care Committee at Gifu University (to T.K.) and/or the Animal
Care and Use Committee of National Taiwan University (to C.-H.K.) and/
or the Institutional Animal Care and Use Committee at University of
California, Irvine (to B.A. and/or A.K.G. and/or M.V.P.) and/or the Insti-
tutional Animal Care and Use Committee at Central South University
(toJ.L.) and/or the Institutional Animal Care and Use Committee at
Kyungpook National University (toJ.W.0.).

Mouse induction protocols

Tetracycline-controlled overexpression of SPP1in melanocytes was
achieved in Tyr-rtTA;tetO-Sppl mice with 2 mg ml™ doxycycline hyclate
(Sigma) in 5% sucrose and a doxycycline-containing diet (Bio-Serv,
200 mg kg™) provided ad libitum. Inducible conditional gene recom-
bination was achieved in CreER-carrying and flox-ed gene-carrying
animals by intraperitoneal injection of tamoxifen (Sigma) in cornoil ata
dose of 75 mg kg™. In P2 animals, inducible conditional gene recombina-
tionwas achieved by topical administration of (Z)-4-hydroxytamoxifen
(4-HT; Sigma) in DMSO at 75 mg ml ™.

EdU pulse and pulse-chase assays

Mice were intraperitoneally injected with EAU (5 pg g body weight)
daily for seven consecutive days (pulse period), followed by an 8-week
chase period. A portion of harvested skin was examined histologically
using an EdU imaging kit (Thermo Fisher). Remaining skin portion was
used toisolate cells for flow cytometry-based quantification using an
EdU flow kit (Thermo Fisher). Triple-positive CD34*CD49f"EdU" cells
were used to quantify EQU" bulge SCs.

Proteininjection procedure

Intradermal delivery of protein-soaked agarose beads was per-
formed as previously described®™. Inbrief, recombinant SPP1protein
(441-OP, R&D) was reconstituted in 0.1% BSA to a final concentration
of 1.3 mg ml™. Affi-gel blue beads (Bio-Rad) were washed three times
insterile PBS, air dried and resuspended in reconstituted recombinant
protein solution. Beads were incubated on ice for 1 h before implan-
tation. For both recombinant protein and BSA controls, beads were
implanted intradermally in P51-P53 animals. Bead implantation sites
were resupplied with additional protein at 24,48 and 72 h.

Skin wounding procedure

Mice were shaved and skin was cleaned with antiseptic. Surgery was
conducted under continuousisoflurane anaesthesia. A full-thickness
excisional wound was created without injuring the underlying fascia
with dermal biopsy punch. Mice were given post-surgical analgesia:
subcutaneous ketoprofen, followed by acetaminophen in drinking
water.

Flow cytometry and FACS procedures

Dorsal skin was digested into single cells with Dispase Il solution
(Roche), followed by collagenase I solution (Life Technologies). Cells
were filtered first through 70-uM and then 40-pM strainers. Viability
dye (BioLegend) was used to exclude dead cells. Cell suspension was
stained with primary antibodies in FACS staining buffer (1% BSAin PBS

with2 mM EDTA) for 30 min on ice before sorting. The following anti-
bodies were used: mouse anti-yH2AX (1:100; 564718, BD Biosciences),
mouse anti-TRP2 (1:50; sc-74439 AF647, Santa Cruz Biotechnology),
ratanti-Ki67 (1:50; 58-5698-82, Thermo Fisher), rat anti-CD117 (1:100;
105812, BioLegend), rat anti-CD45 (1:50; 103108, BioLegend), rat
anti-CD34 (1:50; 560230, BD Biosciences), rat anti-CD49f (1:100;
555736, BD Biosciences) and rabbit anti-SPP1 (1:100; 702184, Thermo
Fisher). Cells were sorted on FACSAria Il sorters (BD Biosciences) and
flow cytometry analysis was performed on LSRII flow cytometer (BD
Biosciences). Datawere analysed with FlowJo software (version10.8.0).
Expression of SPP1 protein was detected using staining of both per-
meabilized cells (permeabilized condition) and non-permeabilized
cells (surface-bound condition). Under permeabilized condition, we
measured total SPP1 present in cells, whereas under surface-bound
conditions, we measured SPP1present on the cell surface, suchasbound
toits receptors. For permeabilization, cells were washed in PBS and
resuspended at1million cells per 100 pl, permeabilization buffer was
added and cells were stained following Fixation/Permeabilization kit
instructions (BD Biosciences).

Primary melanocyte culture assay

Melanocytes were purified from PO mouse skinby FACS as CD117°CD45"%
populations. Sorted cells were then cultured in complete primary mel-
anocyte media (RPMI 1640, 5% FBS, antibiotic-antimycotic, 2.5 ng ™
basic human fibroblast growth factor, 10 pM ethanolamine, 1 mg ml™
insulin,1 uM O-phosphoethanolamine, 5 nM endothelin, 25 nM a-MSH
and 50 ng mI™ murine SC factor) at 37 °C with 5% CO,.

H,0, treatment procedure

Cultured melanocytes in culture dishes or chamber slides were treated
with H,0, (Sigma) at 100 mM or vehicle (medium 254 and HMGS-2) for
2hat37°C. Treated cells were rinsed twice with PBS.

Dillabelling procedure

Cells were labelled with Dil dye (Thermo Fisher) following the manu-
facturer’sinstructions. In brief, cells wereincubated for 15 minat 37 °C
in culture medium supplied with 5 pl of the cell-labelling solution per
1 ml. After labelling, cells were dissociated with Accutase (Stemcell
Technologies), followed by two washes with PBS.

Cellinjection procedure

Cellswere counted using ahaemocytometer and then dilutedto 2,000
cells per microlitre in cell culture medium. Of cell suspension, 10-50 pl
was slowly injected intradermally into the dorsal skin of recipient mice
using a29-G needle.

Grafting procedure

Skinmicro-grafts containing four to sixanagen HFs were transplanted
tothe dorsal skin of 6-to-8-week-old female SCID or Nude mice, as previ-
ously described®. Thirty days post-grafting, 10 pl of recombinant pro-
teinor saline was microinjected to the HF grafting site for 3 consecutive
days. Host mice were euthanized on post-grafting day 50 and skin was
analysed on wholemount.

ABT-737 treatment procedure
Mice were subcutaneously injected twice (on days P10 and P12) with
ABT-737 (Cayman Chemical) or vehicle control at adose of 75 mg kg ™.

B-Galstaining

For B-galactosidase staining, thick sections (20 pm) were incubated
in1mg ml™ X-gal substrate in PBS with 1.3 mM MgCl,, 3 mM K;Fe(CN),
and 3 mM K,Fe(CN), at 37 °C overnight. For senescence-associated
B-gal staining, cells were stained using a kit (Cell Signaling) accord-
ing to the manufacturer’s instructions. In brief, cells were fixed with
fixative solution provided by the manufacturer for 15 min at room



temperature, followed by acidic B-gal detection using pH 6.0 staining
solution overnight at 37 °C.

Immunohistochemical staining

For paraffin-embedded sections, skin samples were fixed with 4% (vol/
vol) paraformaldehyde overnight at 4 °C. Histological sections were
permeabilized for 15 minin PBS +0.1% Triton X-100 (PBST) and blocked
for at least 1 h at room temperature with PBST + 3% BSA. Mouse anti-
bodies were blocked with the M.O.M. block kit (Vector Laboratories).
Primary antibodies were incubated overnight at 4 °C and secondary
antibodies were incubated for 1 hat room temperature. The following
primary antibodies were used: rabbit anti-yH2AX (1:300; 9718, Cell
Signaling), rabbit anti-TRP2 (1:200; ab74073, Abcam), rabbit anti-TRP2
(1:200;ab103463, Abcam), mouse anti-PCNA (1:1,000; ab29, Abcam), rat
anti-CD34 (1:100; 14-0341-82, Thermo Fisher), rabbit anti-SOX9 (1:200;
ABS5535, Millipore), goat anti-SPP1(1:100; AF808, R&D), goat anti-SPP1
(1:300; AF1433, R&D), rabbit anti-KRT14 (1:2,000; ab119695, Abcam),
rabbit anti-CD44 (1:100; PA5-94934, Thermo Fisher), rabbit anti-SOX10
(1:100; ab180862, Abcam), rabbit anti-KRTS5 (1:1,000; 905501, Bio-
Legend) and goat anti-Pcad (1:200; AF761, R&D Systems). The follow-
ing secondary antibodies were used: donkey anti-rat AF555 (1:1,000;
ab150154, Abcam), donkey anti-rabbit AF555(1:1,000; A31572, Thermo
Fisher), donkey anti-mouse AF555 (1:1,000; A31570, Thermo Fisher),
donkey anti-rabbit AF488 (1:1,000; A21206, Thermo Fisher), donkey
anti-goat AF488(1:1,000; A11055, Thermo Fisher), goat anti-rat AF488
(1:1,000; A11006, Thermo Fisher), goat anti-rabbit AF488 (1:1,000;
4412s, Cell Signaling), goat anti-mouse AF555 (1:1,000; 4409s, Cell
Signaling) and goat anti-rabbit AF555 (1:1,000; 4413s, Cell Signaling).

RNAscope staining

RNA staining was performed using the Multiplex Fluorescent v2 kit
(Advanced Cell Diagnostics). In brief, skin was frozen in OCT com-
pound and sectioned at 12-15 um. Sections were fixed at room tem-
perature for1 hwith 4% paraformaldehyde in PBS, followed by standard
manufacturer’s protocols (Advanced Cell Diagnostics). RNA probes
for hybridization were purchased from Advanced Cell Diagnostics
and included Mm-Spp1 (catalogue no. 435191-C1), Mm-Dct-C2 (Trp2;
460461-C2), Mm-Cdkn2b (p15; 458341-C1), Mm-Cdkn2a (p16; 411011-C1),
Mm-Mki67-C3 (Ki67; 416771-C3) and Mm-Aurkb (461761-Cl1).

Western blot assay

Single sorted melanocytes or cells from mouse whole-back skin were
lysed in RIPA buffer (Sigma) containing a cocktail of protease inhibitors
(ThermoFisher). Of each celllysate, 25 pg was loaded onto a12% separat-
ing Bis-Tris gel. Proteins were transferred to a nitrocellulose membrane.
Membrane was incubated with primary goat anti-mouse SPP1antibody
(1:100; AF808, R&D) or rabbit anti-B-actinantibody (1:1,000; 4967, Cell
Signaling) at a concentration of 2.5 pg ml™. The blot was developed
with Enhanced Chemiluminescence Plus Developer (Fisher Scientific).

ELISA

SPP1levelsinthe supernatantof cell cultures were measured by amouse
OPN/SPP1ELISA kit (Thermo Fisher) according to the manufacturer’s
instructions. In brief, SPP1 concentration was calculated by generating
astandard curve from recombinant SPP1protein diluted between 0 and
2,000 pg mlI™. Microplates were measured using a Synergy microplate
reader (BIO-TEK) at a wavelength of 450 nm.

Real-time PCR assay

Total RNA from sorted cells was extracted using RNeasy Micro Kit (Qia-
gen) coupled withits on-column DNase digestion protocol. Total RNA
was thenreverse-transcribed with Superscript Il (Life Technologies) in
the presence of oligo-dT. Full-length cDNA was normalized to an equal
amount using housekeeping genes GAPDH or 18S. Primers are listed in
Supplementary Table 6.

Colony-forming assay

Sorted GFP-expressing HF bulge SCs and hair germ progenitors from
K14-H2B-GFP mice were plated onto 3T3 fibroblast feeder layer cells,
pre-treated with mitomycin C to induce cell cycle arrest. Cells were
co-culturedat37 °Cin William’s E medium supplemented with calcium
and antibiotic-antimycotic. Medium was replaced after 48 h, and the
attachment rate was evaluated following an additional 12 h of culture.
Attached cells were passaged upon confluence, which was achieved
every4-6days. Calcium-supplemented culture medium was changed
every 2-3 days. In other experiments, bulge SCs were FACS sorted as
CD34°CD49f" cells and cultured at a concentration of 1,000 cells per
squared centimetre, in the presence of mitomycin Cinactivated 3T3
fibroblasts. After 2 weeks, 0.5% crystal violet (Sigma) solution made
in1:1ratio of water:methanol was added to each culture well. Stained
plates were then rinsed with water, air dried and imaged.

Human skin samples

Collection of human skin samples followed all relevant guidelines
and regulations and was approved by the Research Ethics Commit-
tee at National Taiwan University Hospital and/or the Medical Ethics
Committee at Kyungpook National University Hospital and/or the
Ethics Committee of Xiangya Hospital, Central South University and
comply with guidelines from the Ministry of Science and Technology
(MOST) of the People’s Republic of China. All participants provided
written informed consent. No identifiable images of human research
participants are shown.

Bulk and single-cell RNA-seq for mouse tissue

For bulk RNA-seq, total RNA was extracted from FACS-sorted cells in
biological triplicates with an RNA integrity number of more than 9.1,
and 1 ng of mRNA was used for full-length cDNA synthesis, followed by
PCRamplification using Smart-seq2. The libraries were sequenced on
the lllumina Next-Seq500 system to an average depth of 10-30 million
reads per library using paired 43-bp reads.

For single-cell RNA-seq, cells were captured using the Fluidigm C1
chips as per the manufacturer’s protocol. A concentration of200,000-
350,000 cells per millilitre was used for chip loading. After cell capture,
chips were examined visually under the microscope to determine the
capturerate, and empty chambers or chambers with multiple cells were
excluded fromthe analysis. cDNA was synthesized and amplified on the
Fluidigm C1Single-Cell Auto Prep System with the Clontech SMARTer
UltraLow RNAkitand the ADVANTAGE-2 PCR kit (Clontech). Single-cell
RNA-seq libraries were constructed in 96-well plates according to the
Fluidigm C1manual. Multiplexed libraries were analysed on Agilent 2100
Bioanalyzer for fragment distribution and quantified using Kapa Bio-
system’s universal library quantificationkit. Libraries were sequenced
as 75-bp paired-end reads on the lllumina Next-Seq500 platform.

For both bulk and single-cell RNA-seq, reads were first aligned
using STAR v.2.4.2a with parameters ‘--outFilterMismatchNmax 10
--outFilterMismatchNoverReadLmax 0.07 --outFilterMultimapNmax
10’ to the reference mouse genome (mm10/genocode,vM8). Gene
expression levels were quantified using RSEM v.1.2.25 with expression
values normalized into fragments per kilobase of transcript per million
mapped reads (FPKM). Samples with more than 1,000,000 uniquely
mapped reads and more than 60% uniquely mapping efficiency were
used for downstream analyses. Differential expression analysis was
performed using edgeR v.3.2.2 on protein-coding genes and long
non-coding RNAs. Differentially expressed genes were selected by
using fold change > 2, false discovery rate < 0.05 and counts per mil-
lionreads > 2.

Bulk RNA-seq for human tissue
RNA was extracted from human hairy nevus skin as well as normal
skin from nevus edge using the Qiagen RNA extraction kit. cDNA
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was synthesized using the Superscript Il First-strand synthesis
system (Invitrogen) and quantified using the Agilent Bioanalyzer.
Bulk RNA-seq analysis was performed using the standard pipeline.
In brief, pair-end RNA-seq reads were aligned using STAT/2.5.1b
to the human reference genome hg38. Gene expression was
measured using RESM/1.2/25 with expression values normalized
into FPKM.

Single-cell data analysis

For all single-cell data analysis, low-quality cells were filtered out
and the same normalization was performed to eliminate cell-specific
biases. For each cell, we calculated three quality control metrics: the
number of expressed genes, the total number of transcripts and the
proportion of transcripts in mitochondrial genes. The single-cell
data matrix was column-normalized (divided by the total number of
transcripts and multiplied by 10,000) and then log-transformed with
pseudo-count +1.

For single-cell RNA-seq data on bulge SCs, cells from P30 WT, P56 WT
and P56 Tyr-Nras®* samples were combined, and the expression of genes
with multiple Ensembl IDs was averaged. For quality control, cells with
the total number of TPM counts of less than 750,000, with the propor-
tion of TPM counts in mitochondrial genes of more than 20% and with
the number of expressed genes of more than 7,000 or less than 2,000
were removed. In summary, 20 cells were removed, leading to 256 cells
for downstream analyses. Clustering of cells was performed using the
Seurat R package (V2.3). Principle component analysis (PCA) was first
performed using highly variable genes, which were identified with an
average expression of more than 0.01 and dispersion of more than 1.
We regressed out the effects of the total number of transcripts and the
transcriptsin mitochondrialgenes. The top 17 PCs were selected based
ontheJackstraw method (JackStraw function). Using these top PCs, the
Louvain modularity-based community detection algorithmwas used to
obtain cell clusters with resolution being 1.1, giving five clusters. The
likelihood-ratio test was used to perform differential gene expression
analysis between the clusters. Genes with a Pvalue of less than 0.01and
alog fold change greater than 0.25 were considered as differentially
expressed. Tovisualize cells onto atwo-dimensional space, we performed
t-distributed stochastic neighbour embedding. The relatedness of cell
clusters was determined by performing unsupervised hierarchical clus-
tering of average gene expression of cell clusters using the highly variable
genes (correlation distance metric and average linkage). To determine
the cell cycle phase of each cell, we used cell cycle-related genes, includ-
ing a core set of 43 G1/S and 54 G2/M genes. For each cell, a cell cycle
phase (G1, S and G2/M) was assigned based on its expression of these
cell cycle-related genes using the CellCycleScoring function in Seurat.

Statistics and reproducibility

Samplesize calculations were not performed for mouse experiments,
butn=3isastandard minimal sample size thatin our previous studies
was found to be sufficient to assess changes in hair growth in mice.
Group sizesin animal experiments were derived from the power analy-
sis performed on preliminary experimental data. Animals of both sexes
were used, and analyses were not segregated by sex. Age of animals is
definedin all experiments in postnatal days. Statistical analyses were
performed using unpaired one-tailed or two-tailed (defined in the fig-
ure legends) Student’s t-tests. In all bar charts shown in figures, error
barsare mean = s.d. Statistical significance degree in figuresis defined
as follows: P> 0.05 (not significant), *P < 0.05 and **P < 0.01; exact P
values are provided in the figure legends. Differentially expressed
gene analysis on RNA-seq data, reported in Supplementary Tables 1,
3,4 and 5, was done using the edgeR package. When comparing gene
expression between groups, the exact test (exactTest() function,
two-sided) was performed for P value calculation after the negative
binomial models were fitted and dispersion was calculated. P values
were adjusted by using Benjamini and Hochberg’s approach for false

discovery rate output. For gene ontology termsreportedin Supplemen-
tary Tables 1, 3, 4 and 5, analysis was done using Metascape. P values
were calculated using hypergeometric test, and then adjusted by using
Benjaminiand Hochberg correction. Exact Pvalues arereportedin the
above-mentioned tables. All experiments were repeated independently
with similar results of three times or more, and datashownin the figures
are from representative experiments. The number of independent
repeats for the representative experiments shown as micrographs
areasfollows: Fig.1c (n=3),Fig.1d (n=5),Fig.1e (n=3), Fig.1k (n=5),
Fig.2j(n=3),Fig.3g (n=5),Fig.4a-d (n=3each),Fig.5d-h (n=3each),
Extended DataFig.1a,b,d,f-h (n=3each), Extended DataFig.1c (n=6),
Extended Data Fig. 1e (n =7), Extended Data Fig. 1j,k (n =3 each),
Extended DataFig. 2a (n =4), Extended Data Fig. 2d (n =4), Extended
DataFig.3j(n=4),Extended DataFig. 3k (n = 4), Extended DataFig.4a
(n=5), Extended Data Fig. 41 (n=3), Extended Data Fig. 5a (n=16),
Extended Data Fig. 5f-j (n = 3 each), Extended Data Fig. 6a,b (n=3
each), Extended DataFig. 7i (n = 3), Extended Data Fig. 8a-c (n =4 each),
Extended DataFig. 8d (n = 3), Extended Data Fig. 8e (n =5), Extended
DataFig. 8f (n=5), Extended DataFig. 8g (n =4), Extended DataFig.9e
(n=3), Extended Data Fig. 91,m (n =3 each). Experiments were not
randomized or performed in a blinded manner, except where noted.

Schematics
Schematics were prepared using Adobe Illustrator.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Mouse bulk RNA-seq data are located at GSE111999, mouse single-cell
RNA-seqdataare located at GSE112722 and human bulk RNA-seq data
arelocated at GSE112219. Processed bulk RNA-seq and single-cell data
areprovided in Supplementary Tables 1-5. Primer sequences are pro-
videdin Supplementary Table 6. Source databehind allgraphsin main
and extended data figures are provided with this paper. Full versions
of all gels and blots are provided in Supplementary Fig. 1. Sequential
gating strategies are provided in Supplementary Fig. 2. Source data
are provided with this paper.

Code availability
No custom code was used. Source data are provided with this paper.
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Extended DataFig.1|Nevus mouse models exhibit ectopic hair growth.
a-h, Atall postnatal time points examined, Tyr-Nras®* mice showed ectopic
anagen HFs.InWT controlmice, HFs are in first anagen at day P15 (a); in first
telogenat P23 (b);insecond anagen at P36 (c); in extended second telogen at
P44 (d), P56 (e), P62 (f), P69 (g); and in third telogen at P100 (h). In contrast, at
all of the above time points, Tyr-Nras?¥ skin contained many ectopic anagen
HFs (green arrowheads). For each time point, representative wholemount (left)
and histology samples (right) are shown. i, Schematic representation of the
hair cycle statein WT control mice (top) and Tyr-Nras?* mice (bottom) at
indicated time points (middle). Colors: green - anagen, yellow - catagen,
red - telogen. j, Albino Tyr-Nras®* mice (crossed onto an albino Tyr(C-2))
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background) maintain ectopic hair growth phenotype (green arrowheads)
both at P56 (left) and P100 (right). For each time point, representative
wholemount and histology samples are shown. K, Tyr-CreER™;Braf"*°° mice
induced with tamoxifen at P2-4 formed nevi and exhibited ectopic hair growth.
Atall postnatal time points examined (P44, P69 and P100), dorsal skinin
induced Tyr-CreER™;Braf"*°° mice contained many ectopic anagen HFs (green
arrowheads). Incontrast, HFsininduced control mice at the above time points
wereintelogen. For each time point, representative wholemount and histology
samples (for Tyr-CreER™:Braf"*°°f mice) are shown. Also, see Extended Data

Fig.4a,b.Scalebars, a-h, j(wholemount) -1 mm; k (wholemount) - 500;
a-h, j, k (histology) - 200 pm.
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contained clusters of Trp2'/p15'/Ki67"¢ melanocytesin upper dermis next to
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bulgeregionsof HFs.Inb, ¢, n=independent experiments. P values are calculated
using unpaired two-tailed Student’s t-test. **P < 0.01. Scale bars, d - 50 um;
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Extended DataFig.3|Nevus melanocytes and senescent melanocytes
stimulate new hair growth. a-i, Melanocyte grafting experiments, in which
melanocyte lineage cells wereisolated as tdTomato* cells from mice that contain
Tyr-CreER™ and tdTomato constructs, and that were induced with tamoxifen at
P21.a-e, tdTomato* melanocytes were isolated from P56 Tyr-Nras®'*;Tyr-CreER™;
tdTomato (a) and P69 Tyr-CreER™?;Braf"*°% ;tdTomato nevus mouse skin (c) and
injected into SC/ID mouse skin. Both types of mutant melanocytes (b, e) induced
anagen after 21days. f-i, Control melanocyte lineage cells were isolated from
Tyr-CreER™;tdTomato mice during telogen at P56 (f) and during anagen at P33
(h) and intradermally injected into telogen skin of SC/D mice. Cells from

both conditions (g, i) did notinduce ectopic anagen 21 days after injection.
Representative samples are shownin (b, e, g, i). Anagen HFs for experiments
from (b, e, g, i) are quantifiedin (d).Ind, n=4.j-0,H,0,-induced senescence
experiment (j). Senescent status of H,0,-treated melanocytes was confirmed
with senescent 3-Gal staining (k, I). H,0,-treated (n), but not control Dil-labeled
melanocytes (m) induced anagen 21days after injectioninto SC/D mice. Anagen
HFsare quantifiedin (0).Inl,n=4;P=0.0112.Ino,n=7invehicle,n=6inH,0,;
P=0.000024.Ind, 1, 0, n=biologicallyindependent samples. Pvalues are
calculated using unpaired two-tailed Student’s t-test.*P< 0.05,**P< 0.01.
Scalebars,m,n-1mm;a, b, c, e, f-i-2mm;j,k-200 um.
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Extended DataFig. 4 |Induction of neviresultsin hair growthhyper-
activationand osteopontin overexpression. a-b, Compared to control,
Tyr-CreER™:Braf"*°** mice induced with tamoxifen at P2-4, showed prominent
hair growth. Representative P56 skinsamples are shownin (a). Anagen HFs are
marked in (a) and quantifiedin (b).Inb, at P44 (n=12incontrol,n=20 in mutant;
P=0.00218),at P56 (n=12in control, n=21inmutant; P= 0.00000000804), at
P69 (n=12incontrol, n=16 in mutant; P=0.0000526), at P100 (n =12in control,
n=16inmutant; P=0.00000662).c, d, Following tamoxifen-induction at P21-
25, Tyr-CreER™;Braf"*°* mice developed neviby P44 and started to display
ectopic hair growth from P56 onward. Representative wholemount and histology
samples at five time points between P44-100 are shownin (c),and anagen HF
density quantificationis shownin (d).Ind,n=9.e,OnELISA, SPP1levelsbecame
significantly higherin the supernatant fromday 5 cultures of primary sorted
Tyr-CreER™;Braf"*°° melanocytes at five indicated timepoints from P56 onward.
Datafrom P69 cellsisalsoshowninmainFig.3e.Ine,at P44 (n=4;P=0.2686), at
P56 (n=4;P=0.0000269),atP62 (n=4;P=0.003095),atP69 (n=4;P=0.00224),
atP100 (n=4; P=0.0035).f-i, Oncytometry, SPP1levelsin permeabilized cells
(f, h) aswell as surface-bound SPP1levelsin non-permeabilized cells (g, i) were
significantly higherin melanocytes frominduced Tyr-CreER™;Braf"*°’f mice
(pBraf, sBraf) compared towild type control mice (pWT, sWT) atindicated time

points. Representative cytometry plots are shownin (f, g) and quantification
isshowin (h, i). Datafrom P69 cellsis also shownin main Fig.3d.In h, at P44
(n=3for pWT, n=4for pBraf; P=0.000318),at P56 (n=3; P= 0.0000533), at P62
(n=3;P=0.00426),at P69 (n=3;P=0.001397),at P100 (n =3 for pWT, n=4 for
pBraf; P=0.00000386).Ini,at P44 (n=3; P=0.0531),at P56 (n=3; P=0.0912),
atP62(n=3;P=0.2495),at P69 (n=3; P=0.291),at P100 (n=3; P=0.00399).
j—k, Cytometry of permeabilized (j) and non-permeabilized melanocytes

(k) showed ssignificantly higher levels of SPP1compared toisotype control both
in Tyr-Nras®™* mice (pNras, sNras) and Tyr-CreER™*;Braf"*°* mice (pBraf, sBraf).
Representative cytometry plots are shown on the left and quantification
ontherightofjandk.Inj, for pNras (n=3; P=0.00000175), for pBraf
(n=3;P=0.00000213).Ink, for sNras (n=3; P=0.00297), for sBraf (n=3;
P=0.000000536).1,Skin of P69 Tyr-CreER™;Braf"*°°f mice contained Trp2*/
SppI" melanocytesinupper dermis adjacent to bulge regions of HFs.

Inb, d, n=biologicallyindependentsamples.Ine, h, i,j, k, n=independent
experiments. Dataare mean +s.d. Pvalues are calculated using unpaired
one-tailed (inb at P56) or two-tailed (inb at P44, P69, P100, e, h, i, j, k) Student’s
t-test. NS, P>0.05,*P<0.05,**P< 0.01.Scale bars, a (wholemount) -1 mm;

¢ (wholemount) -300 pm; ¢ (histology) - 200 pm; a (histology),1-100 pm.
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Extended DataFig. 5| Effect of ABT-737 treatment and non-nevus
melanocyte expansion on hair cycle. a-b, Unlike vehicle, subcutaneous ABT-
737 treatment of Tyr-Nras®* mice at P10 and P12 decreased fur pigmentation
andreduced anagen HFs at P56 (a). Anagen HFs are quantified in (b). Inb, n=21;
P=0.0000454.c-e, Effect of ABT-737 treatment on melanocytes, bulge stem
cellsand hair cyclestatus. ¢, Oncytometry at P56, the percentage of TRP2'/
Annexin V' melanocytesin Tyr-Nras®* mice significantly increased inresponse
to ABT-737 treatmentat P10-12.Inc,n=35; P=0.0001816.d, On cytometry at
P56, the abundance of CD34*/CD49f* bulge stem cells in Tyr-Nras%* mice was
unchanged by ABT-737 treatmentat P10-12.Ind, n=5; P=0.7891838. e, ABT-737
treatment at P10-12 did not affect normal anagen timing in WT mice - skin from
bothvehicleand ABT-737 treated animals contained HFsin anagen at P33.

Ine,n=7;P=0.2898739.In(c, d, e) representative datais shown on the left,

and data quantification - on the right. f-j, Mice with non-nevus expansionin
melanocytes display normal hair cycle timing. f~i, Similar to control mice,
K14-Edn3 mice with dermal melanocyte expansion (f, g) and K14-Kit/ mice with
epidermal melanocyte expansion (h, i) were in synchronized anagen at P36 (f, h)
and synchronized telogen at P56 (g, i).j, After tamoxifeninduction at P12-14,
Tyr-CreER;p53™" mice with melanocyte-specific deletion of pS3, did not form
neviand exhibited telogen HFs at P56, analogous to induced control mice.Inb,
n=biologicallyindependentsamples.Inc,d,en=independent experiments.
Dataare mean +s.d. Pvalues are calculated using unpaired two-tailed Student’s
t-test.NS,P>0.05,*P<0.05,**P< 0.01.Scale bars, f-j (wholemount) - 1 mm;

a, f-j (histology) -200 pm; e -100 pm.
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Extended DataFig. 6 |See next page for caption.
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Extended DataFig. 6 | Gene expression patternsin Tyr-Nras®“HFs stem
cells. a-b, Tyr-Nras?* telogen HFs maintain normal expression patterns of
bulge and hair germ markers. Co-immunostaining for CD34 (red) and Pcad
(green) showed that their expression patternin Tyr-Nras® telogen HFs (b) is
consistent with thatin WT telogen HFs (a). Bulge cells are CD34*and Pcad'",
while hair germ (HG) cells are CD34"¢ and Pcad"®", c-d, RNA-seqanalysison WT
and Tyr-Nras?*bulge SCs. Venn diagrams and DEGs heatmap are shownin (c).
Venn diagramsidentify 21downregulated and 104 upregulated genes specific
to Tyr-Nras?*. Bubble chartsin (d) show enriched (red) and depleted (green)
GO termsin P56 WT bulge SCs, and enriched GO terms in Tyr-Nras?** bulge SCs
(blue). e-j, Gene expression patterns in bulge stemcells onsingle-cell RNA-seq.
Cellclustersare color-coded according to main Fig.2d and are as follows: C1 -

inner bulge cells, presentin P30 and P56 WT samples and in P56 Tyr-Nras®®
sample; C2 - anagen-specific outer bulge cells, presentin P30 WT and P56
Tyr-Nras®* samples; C3 - telogen-specific outer bulge cells, presentin PS6 WT
sample; C4 and C5 - outer bulge cells specific to Tyr-Nras®' sample. Violin plots
areshownwith normalized expression values along the Y-axis. e, Expression
patterns of outer bulge markers, showing enrichmentin clusters C2, C3 and C4.
f, Expression patterns of telogen-phase outer bulge markers, showing
enrichmentin cluster C3.g, Expression patterns of inner bulge markers, showing
enrichmentin cluster C1. h, Expression patterns of anagen-phase enriched
markers.i, Expression patterns of mutant-enriched markers in cluster C4.

Jj, Expression patterns of mutant-enriched markersin cluster C5.Scalebars,
a,b-100 um.
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Extended DataFig.7|Characterization of bulge stemcells and melanocytes
innevus mouse models. a, b, Labeling efficiency of bulge stem cells after 7 days
of EdU pulse was consistent between WT control and Tyr-Nras?* mice.
Representative cytometry plots (left) and data quantification (right) are shown
forall CD34°/CD49f* bulge stemcellsin (a) and for their CD34"/CD49f"/EdU*
subsetin(b).Ina,n=3;P=0.63929124.Inb,n=3;P=0.23549636. c-f,On

RNA-seq, P56 Tyr-Nras®* melanocytes differ from P30 and P56 WT melanocytes.

PCAisshownin (c) and DEGs heatmapin (d). Secretome factorsupregulated in
Tyr-Nras?* melanocytes and Tyr-Nras®*/WT fold change values are shownin
(e). Bubble chart showing enriched GO terms in Tyr-Nras®™* melanocytes are
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shownin (f).Selected bubbles are colored and annotated. g, qRT-PCR validation
of selected differentially expressed genes from bulk RNA-seq dataon melanocytes.
Ing,n=3.h,Venndiagramshowing the degree of overlap between the P56
Tyr-Nras®*melanocyte transcriptome and published in vitro human senescent
melanocyte secretome (blue, 68%) and core invitro SASP factors (green, 71%).

i, Compared to skin from wild type control mice (left), skin from Tyr-Nras®*
mice (middle) and induced Tyr-CreER™:Braf"*°° mice (right) contained clusters
of Trp2*/Aurkb* melanocytesin upper dermis next tobulge regions of HFs.

Ina, b, n=independent experiments. Dataare mean +s.d. Pvalues are calculated
using unpaired two-tailed Student’s t-test. NS, P> 0.05. Scalebars, i-100 pum.
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Extended DataFig. 8| Changesin expressionand the effect of osteopontin
deletionin Tyr-Nras?™skin. a-c, Osteopontin expressionisincreased in
Tyr-Nras? skin. a, SppI reporter activity wasincreased in Tyr-Nras%* skin.
LacZ staining (blue) on Tyr-Nras®;SppI”- vs. control SppI”~ P56 reporter
mouse skinshowed broadincreaseinLacZ' cells. Dermal and dermal papilla
(DP) expressionsites are marked. For each panel, representative wholemount
and histology samples are shown on theleftand ontheright, respectively.
b-c, Co-immunostaining for KRT5 (red) and SPP1(green) in P56 WT control (b)
and Tyr-Nras®™ skin (c). Tyr-Nras®' skin showed prominently increased SPP1
expressioninthe dermal compartment, including around bulge regions of HFs
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(inserts). d-g, Osteopontin deletion rescues hair cycle quiescence in Tyr-Nras%®
mice. Tyr-Nras®;Spp1”~ mice showed rescue of hair cycle quiescence. Unlike
Tyr-Nras?®* mice (see Extended DataFig. 1), Tyr-Nras®;Spp1”~ mice showed
synchronized catagenat P18 (d), synchronized anagen at P30 (e), synchronized
telogen at P44 (f) and largely synchronized telogen P52 (g). For each time point,
representative SppI” control and Tyr-Nras®X;Spp1’” mutant skin samples
areshown. Wholemount samples are shown on theright and histology on the
left of each panel.Scale bars, b, c-100 pm; a, d-g (wholemount) - 500 pm;
a,d-g (histology) -200 pm.
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Extended DataFig. 9 |Expression and the effect of Cd44 deletion on hair
growth. a-e, Expression of Cd44 and related genes. a, Relative abundance of
Cd44isoformsestablished from full-length bulk RNA-seq. Isoforms are
numbered using conventional nomenclature and indicated along the X-axis.
Cd44visoforms are designated with “v” and Cd44sisoform with “s”. Skin cell
typesarelisted along the Y-axis. WT - wild type cells, MUT - Tyr-Nras?* mutant
cells. Bulge stem cells are enriched for Cd44visoforms 201,202,205 and 208.

b, Cd44is prominently expressed onbulk RNA-seqin bulge stem cells fromWT
control (blue) and Tyr-Nras? mice (orange) both at P30 and P56. Mmp?9, direct
downstream target of CD44-1CD signalling is prominently overexpressedin
Tyr-Nras?®* bulge stem cells both at P30 and P56. ¢, Expression values of
y-secretase complex genesin P56 WT and Tyr-Nras®*bulge stem cells.

d, Expression values of transcription factors mediating CD44-ICD signallingin
P56 WT and Tyr-Nras?*bulge stem cells. Average FPKM values are shownon
b-d.Inb-d, n=2.e,LacZ staining (blue) in Tyr-Nras®¥:Cd44" vs. control Cd44""
P56 reporter mice showed LacZ’ cellsin the skin, bothinepithelial and dermal
compartments. For each panel, wholemount and histology samples are shown
ontheleftand ontheright, respectively. f-m, Effects of Cd44 deletion on bulge
stem cellsand hair cycle status in nevus mice. f, Totalabundance of CD34*/CD49f*
bulge stem cells remained unchanged in germline Cd44” mice vs. WT control
mice.Inf,n=3;P=0.52.g, Labeling efficiency of bulge stem cells after 7 days of
EdU pulse remained unchanged in germline Cd44” mice vs. WT control mice. In
g,n=3;P=0.401.In(f, g) representative cytometry plots are shown on the left,
and data quantificationon theright.h, Ininvitro culture assay on FACS-isolated
bulge stem cells, clonogenic potential of CD34*/CD49f" cells remained

unchanged ingermline Cd44” mice vs. WT control mice. Top - representative
culture plates, bottom - data quantification.Inh,n=6; P=0.384.i, Total
abundance of CD34'/CD49f" bulge stem cellsremained unchanged in epithelial-
specific conditional K14-Cre;Cd44/ (aka Cd44’") mice vs. control mice.
Ini,n=3;P=0.328.j, Labeling efficiency of bulge stem cells after 7 days of

EdU pulse remained unchanged in Cd44" mice vs. control mice.Inj,n=3;
P=0.218.In(i,j) representative cytometry plots are shown on the left, and data
quantificationon theright.k, Ininvitro culture assay on FACS-isolated bulge
stem cells, clonogenic potential of CD34"/CD49f" cells remained unchanged

in Cd44" mice vs. control mice. Top - representative culture plates, bottom -
data quantification.Ink,n=6; P=0.411.1, m, Tyr-Nras®'X;Cd44” mice showed
rescue of hair cycle quiescence. Unlike Tyr-Nras%* mice (see Extended Data
Fig.1), Tyr-Nras®*;Cd44” animals showed synchronized anagen at P30 (I) and
only very occasional ectopic anagen HFs at P56 (m). For both time points,
representative Cd44” control and Tyr-Nras®X;Cd44” mutant skin samples are
shown. Wholemount samples are shown on theright and histology on the left
of each panel.n-o, Bulk RNA-seq between hairy nevi and adjacent normal facial
skinin humans. DEGs heatmap is shownin (n), bubble chart with enriched (blue)
and depleted (orange) GO terms in human neviis shownin (o). p, Comparisons
of human nevus secretome (blue) with Tyr-Nras?* mouse melanocyte secretome
(red) and published in vitro SASP (yellow). Inb-d, f-k, n=independent
experiments. Dataare mean +s.d. Pvalues are calculated using unpaired
two-tailed Student’s t-test. NS, P> 0.05.Scale bars, e, 1, m (wholemount) - 500 pm;
e, |, m (histology) -200 pm.
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Data collection  For bulk RNA-sequencing on mouse skin cells, total RNA was extracted from FACS sorted cells in biological triplicates with RNA integrity
number (RIN) > 9.1 and 1ng of mRNA was used for full length cDNA synthesis, followed by PCR amplification using Smart-seq2. The libraries
were sequenced on the lllumina Next-Seq500 system to an average depth of 10-30 million reads per library using paired 43bp reads.

For single-cell RNA-sequencing (scRNA-seq) on mouse skin cells, sorted cells were captured using the Fluidigm C1 chips as per manufacturer’s
protocol. A concentration of 200,000-350,000 cells per mL was used for chip loading. After cell capture, chips were examined visually under
the microscope to determine the capture rate and empty chambers or chambers with multiple cells were excluded from the analysis. cDNA
was synthesized and amplified on Fluidigm C1 Single-Cell Auto Prep System with Clontech SMARTer Ultra Low RNA kit and ADVANTAGE-2 PCR
kit (Clontech). Single-cell RNA-sequencing libraries were constructed in 96-well plates according to Fluidigm C1 manual. Multiplexed libraries
were analyzed on Agilent 2100 Bioanalyzer for fragment distribution and quantified using Kapa Biosystem’s universal library quantification kit.
Libraries were sequenced as 75bp paired-end reads on the Illumina Next-Seq500 platform.

=
For bulk RNA-sequencing on human skin tissue, RNA was extracted from human hairy nevus skin as well as normal skin from nevus edge using §
QIAGEN RNA extraction kit. cDNA was synthesized using Superscript Il First-strand synthesis system (Invitrogen) and quantified using Agilent N
Bioanalyzer. r:\j
Data analysis For both bulk and single-cell RNA-sequencing on mouse samples, reads were first aligned using STAR v.2.4.2a with parameters ‘--

outFilterMismatchNmax 10 --outFilterMismatchNoverReadLmax 0.07 --outFilterMultimapNmax 10’ to the reference mouse genome (mm10/
genocode,vM8). Gene expression levels were quantified using RSEM v.1.2.25 with expression values normalized into Fragments Per Kilobase
of transcript per Million mapped reads (FPKM). Samples with >1,000,000 uniquely mapped reads and >60% uniquely mapping efficiency were
used for downstream analyses. Differential expression analysis was performed using edgeR v.3.2.2 on protein-coding genes and IncRNAs.




Differentially expressed genes were selected by using fold change (FC)>2, false discovery rate (FDR)<0.05 and counts per million reads
(CPM)>2.

For all single-cell data analysis on mouse cells, low-quality cells were filtered out and the same normalization was performed to eliminate cell-
specific biases. For each cell, we calculated three quality control metrics: the number of expressed genes, the total number of transcripts and
the proportion of transcripts in mitochondrial genes. Single cell data matrix was column-normalized (divided by the total number of
transcripts and multiplied by 10,000) and then log-transformed with pseudo-count +1.

For single-cell RNA-sequencing data on mouse bulge SCs, cells from P30 wild type, P56 wild type and P56 Tyr-NrasQ61K samples were
combined, and the expression of genes with multiple Ensembl ID was averaged. For quality control, cells with the total number of TPM counts
< 750,000, with the proportion of TPM counts in mitochondrial genes > 20%, and with the number of expressed genes > 7000 or < 2000 were
removed. In sum, 20 cells were removed, leading to 256 cells for downstream analyses. Clustering of cells was performed using the Seurat R
package (V2.3). Principle component analysis (PCA) was first performed using highly variable genes, which were identified with an average
expression > 0.01 and dispersion > 1. We regressed out the effects of the total number of transcripts and the transcripts in mitochondrial
genes. The top 17 PCs we selected based on the Jackstraw method (JackStraw function). Using these top PCs, the Louvain modularity-based
community detection algorithm was used to obtain cell clusters with resolution being 1.1, giving five clusters. The likelihood-ratio test was
used to perform differential gene expression analysis between the clusters. Genes with p-value less than 0.01 and log fold-change greater
than 0.25 were considered as differentially expressed. To visualize cells onto a two-dimensional space, we performed t-distributed stochastic
neighbor embedding (t-SNE). The relatedness of cell clusters was determined by performing unsupervised hierarchical clustering of average
gene expression of cell clusters using the highly variable genes (correlation distance metric, average linkage). To determine the cell cycle
phase of each cell, we used cell cycle-related genes, including a core set of 43 G1/S and 54 G2/M genes. For each cell, a cell cycle phase (G1, S,
G2/M) was assigned based on its expression of these cell cycle-related genes using the CellCycleScoring function in Seurat.

Bulk RNA-sequencing analysis on human skin data was performed using standard pipeline. Briefly, pair-end RNA-sequencing reads were
aligned using STAT/2.5.1b to the human reference genome hg38. Gene expression was measured using RESM/1.2/25 with expression values
normalized into FPKM.

For flow cytometry and fluorescence-activated cell sorting (FACS) procedures, cells were sorted on FACSAria |l sorters (BD Biosciences), while
flow cytometry analysis was performed on LSRII flow cytometer (BD Biosciences). Data was analyzed with FlowJo software v.10.8.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Mouse bulk RNA-seq data is located at GSE111999; mouse single-cell RNA-seq data is located at GSE112722; human bulk RNA-seq data is located at GSE112219.
Processed bulk RNA-seq and single-cell data is provided in Sl Tables 1 through 5. Primer sequences are provided in Sl Table 6. Source data behind all graphs in main
and extended data figures are provided with this paper. Full versions of all gels and blots are provided in Sl Fig. 1. Sequential gating strategies are provided in Sl Fig.

2.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Disaggregated analysis by sex has not been performed, because there are no known differences in the hair-bearing status of

melanocytic nevi in people.

Population characteristics Surgical discard skin samples were collected for histological, immunohistological, bulk RNA-seq and transplantation studies.

Recruitment

Inclusion criteria:

1) Gender: female and male.

2) Age: 18-40 years old.

3) Region: scalp, face, neck, chest.

Exclusion criteria:

1) Previous surgical treatment.

2) Systemic treatment within 6 months.

3) Any other systemic disease, including diabetes and hypertension.

Subjects were recruited into the study via referral by physicians at Central South University (Changsha, China), National
Taiwan University (Taipei, Taiwan), and/or Kyungpook National University (Daegu, Korea). An IRB-approved recruitment letter
was provided to patients. Physicians screened patients’ medical records to determine subject eligibility before approaching
patients about study participation. Written (signed) informed consent was obtained from all subjects. Subjects were allowed
to take home the unsigned consent form for review prior to signing it. All patients fitting the inclusion criteria were offered to
participate in the study. Authors are not aware of the self-selection bias.
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Ethics oversight Collection of human skin samples was performed in compliance with relevant ethical regulations and was approved by the
National Taiwan University Hospital (Taipei, Taiwan) and/or by the Kyungpook National University Hospital (Daegu, Korea)
and/or by the Ethics Committee of Xiangya Hospital, Central South University (Changsha, China) and comply with guidelines
from the Ministry of Science and Technology (MOST) of the People's Republic of China. Participants provided written
informed consent. No identifiable images of human research participants are shown.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed for mouse experiments. Skin of one mouse was used per one bulk RNA-seq or single-cell RNA-seq
experiment. One human skin tissue sample was used per one bulk RNA-seq experiment. For immunohistochemical analyses, we used 3 or
more mice as biological replicates. For all functional mouse experiments, 3 or more mice were used per experiment. N = 3 is a standard
minimal sample size that in our previous studies was found to be sufficient to assess changes in hair growth in mice.

Data exclusions | For full length single-cell RNA-seq, cells with the total number of TPM counts < 750,000, with the proportion of TPM counts in mitochondrial
genes >20%, and with the number of expressed genes > 7000 or < 2000 were removed.

Replication All key findings throughout the manuscript were independently replicated. In single-cell RNA-seq experiments, individual sequenced cells
were considered as replicates. In all in vivo mouse experiments, at least 3 mice were used per experiment. In epithelial cell clonogenic assays,
Western blot assays and FACS/cytometry assays biological replicates were used. Exact numbers of independent replicates for experiments are
indicated either in the main and Extended Data figure legends or in the "Statistics and reproducibility”" section of the Methods.

Randomization | Littermate mice were assigned into groups on the basis of genotype. For mouse experiments performed in animals of the same genotype,
mouse inclusion into each experimental group was randomized.

Blinding Single-cell RNA-seq analyses were unbiased. All cells were analyzed using computational algorithms that were not biased to recognize any
particular cell types. In all functional transgenic mouse experiments, intra-dermal protein injection experiments, intra-dermal cell injection
experiments and in skin wounding experiments, hair follicle regeneration phenotype was quantified using blinded approach, by investigators
who did not know the genotype or experimental condition. For all other experiments, data quantification was also performed using blinded
approach, by investigators who did not know the experimental condition.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data

XXOXOOs
OO0XOXKX

Dual use research of concern

Antibodies

Antibodies used Following primary antibodies were used for immunostaining:
Rabbit anti-yH2AX (Cell Signaling, catalog # 9718; concentration 1:300),
Rabbit anti-TRP2 (Abcam, # ab74073; 1:200),
Rabbit anti-TRP2 (Abcam, # ab103463; 1:200),
Mouse anti-PCNA (Abcam, #ab29; 1:1000),
Rat anti-CD34 (ThermoFisher, # 14-0341-82; 1:100),
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Validation

Rabbit anti-SOX9 (Millipore, # AB5535; 1:200),

Goat anti- SPP1 (R&D, # AF808; 1:100),

Goat anti-SPP1 (R&D, # AF1433; 1:300),

Rabbit anti-KRT14 (Abcam, # ab119695; 1:2000),
Rabbit anti-CD44 (ThermoFisher, # PA5-94934; 1:100),
Rabbit anti-SOX10 (Abcam, # ab180862; 1:100),
Rabbit anti-KRT5 (Biolegend, # 905501; 1:1000),

Goat anti-Pcad (R&D Systems, # AF761; 1:200).

Following primary antibodies were used cell sorting:

Mouse anti-yH2AX (BD Biosciences, catalog # 564718; 1:100),

Mouse anti-TRP2 (Santa Cruz Biotechnology, # sc-74439 AF647; 1:50),
Rat anti-Ki67 (ThermoFisher, # 58-5698-82; 1:50),

Rat anti-CD117 (Biolegend, # 105812; 1:100),

Rat anti-CD45 (Biolegend, # 103108; 1:50),

Rat anti-CD34 (BD Biosciences, # 560230; 1:50),

Rat anti-CD49f (BD Biosciences, # 555736; 1:100),

Rabbit anti-SPP1 (ThermoFisher, # 702184; 1:100).

Following antibodies were used for western blot:
Goat anti-mouse SPP1 (R&D, # AF808; 1:100),
Rabbit anti-BActin (Cell Signaling, # 4967; 1:1000).

Following secondary antibodies were used:

Donkey anti-rat AF555 (Abcam, # ab150154; 1:1000),
Donkey Igg-PE (SouthernBiotech # 0175-09; 1:100),

Donkey anti-rabbit AF555 (ThermoFisher, # A31572; 1:1000),
Donkey anti-mouse AF555 (ThermoFisher, # A31570; 1:1000),
Donkey anti-rabbit AF488 (ThermoFisher, # A21206; 1:1000),
Donkey anti-goat AF488 (ThermoFisher, # A11055; 1:1000),
Goat anti-rat AF488 (ThermoFisher, # A11006; 1:1000),

Goat anti-rabbit AF488 (Cell Signaling, # 4412s; 1:1000),
Goat anti-mouse AF555 (Cell Signaling, # 4409s; 1:1000),
Goat anti-rabbit AF555 (Cell Signaling, # 4413s; 1:1000),

PE donkey anti-rabbit Ig (Biolegend, # 406421; 1:100).

Antibodies were not separately validated by the investigators. All antibodies used in this study we purchased from trusted
commercial sources, that provide validation statements on their respective web pages. Use of antibodies followed manufacturer's
recommended protocols.

Validation statements and sue recommendations can be found as follows:
Rabbit anti-yH2AX (Cell Signaling, catalog # 9718) has been cited by 1,844 peer-reviewed papers (per vendor’s website) - https://
www.cellsignal.com/products/primary-antibodies/phospho-histone-h2a-x-ser139-20e3-rabbit-mab/9718

Mouse anti-yH2AX (BD Biosciences, catalog # 564718) has been cited by 7 peer-reviewed papers (per vendor’s website) - https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/percp-
cy-5-5-mouse-anti-h2ax-ps139.564718

Rabbit anti-TRP2 (Abcam, # ab74073) has been cited by 41 peer-reviewed papers (per vendor’s website) - https://www.abcam.com/
products/primary-antibodies/trp2dct-antibody-ab74073.html

Rabbit anti-TRP2 (Abcam, # ab103463) has been cited by 2 peer-reviewed papers (per vendor’s website; discontinued) - https://
www.abcam.com/products/primary-antibodies/trp2dct-antibody-ab103463.html

Mouse anti-TRP2 (Santa Cruz Biotechnology, # sc-74439 AF647) has been cited by 39 peer-reviewed papers (per vendor’s website) -
https://www.scbt.com/p/trp2-antibody-c-9

Mouse anti-PCNA (Abcam, # ab29) has been cited by 517 peer-reviewed papers (per vendor’s website) - https://www.abcam.com/
products/primary-antibodies/pcna-antibody-pc10-ab29.html

Rat anti-CD34 (ThermoFisher, # 14-0341-82) has been cited by 151 peer-reviewed papers (per vendor’s website) - https://
www.thermofisher.com/antibody/product/CD34-Antibody-clone-RAM34-Monoclonal/14-0341-82

Rabbit anti-SOX9 (Millipore, # AB5535) has been cited by over 100 peer-reviewed papers (per vendor’s website) - https://
www.emdmillipore.com/US/en/product/Anti-Sox9-Antibody, MM_NF-AB5535

Goat anti- SPP1 (R&D, # AF808) has been cited by 111 peer-reviewed papers (per vendor’s website) - https://www.rndsystems.com/
products/mouse-osteopontin-opn-antibody_af808

6

Goat anti-SPP1 (R&D, # AF1433) has been cited by 26 peer-reviewed papers (per vendor’s website) - https://www.rndsystems.com/
products/human-osteopontin-opn-antibody_af1433

Rabbit anti-SPP1 (ThermoFisher, # 702184) has been cited by 1 peer-reviewed paper (per vendor’s website) - https://
www.thermofisher.com/antibody/product/OPN-R-Antibody-clone-24H5L3-Recombinant-Monoclonal/702184

Rabbit anti-KRT14 (Abcam, # ab119695) has been cited by 3 peer-reviewed papers (per vendor’s website) - https://www.abcam.com/
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products/primary-antibodies/cytokeratin-14-antibody-sp53-ab119695.html

Rabbit anti-CD44 (ThermoFisher, # PA5-94934) has been tested and demonstrated as specific by the vendor in HCT116 cells, Hela
cells, intestinal tissue, testis tissue, ovary tissue - https://www.thermofisher.com/antibody/product/CD44-Antibody-Polyclonal/
PA5-94934

Rabbit anti-SOX10 (Abcam, # ab180862) has been cited by 7 peer-reviewed papers (per vendor’s website) - https://www.abcam.com/
products/primary-antibodies/sox10-antibody-epr4007-104-ab180862.html

Rabbit anti-KRT5 (Biolegend, # 905501) has been cited by 11 peer-reviewed papers (per vendor’s website) - https://
www.biolegend.com/en-us/products/keratin-5-polyclonal-antibody-purified-10956

Goat anti-Pcad (R&D Systems, # AF761) has been cited by 10 peer-reviewed papers (per vendor’s website) - https://
www.rndsystems.com/products/mouse-p-cadherin-antibody_af761

Rat anti-Ki67 (ThermoFisher, # 58-5698-82) has been cited by 63 peer-reviewed papers (per vendor’s website) - https://
www.thermofisher.com/antibody/product/Ki-67-Antibody-clone-SolA15-Monoclonal/58-5698-82

Rat anti-CD117 (Biolegend, # 105812) has been cited by 105 peer-reviewed papers (per vendor’s website) - https://
www.biolegend.com/fr-ch/products/apc-anti-mouse-cd117-c-kit-antibody-72

Rat anti-CD45 (Biolegend, # 103108) has been cited by 233 peer-reviewed papers (per vendor’s website) - https://
www.biolegend.com/en-us/products/fitc-anti-mouse-cd45-antibody-99

Rat anti-CD34 (BD Biosciences, # 560230) has been cited by 11 peer-reviewed papers (per vendor’s website) - https://
www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/alexa-
fluor-647-rat-anti-mouse-cd34.560230

Rat anti-CD49f (BD Biosciences, # 555736) has been cited by 3 peer-reviewed papers (per vendor’s website) - https://
www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-rat-
anti-human-cd49f.555736

Rabbit anti-BActin (Cell Signaling, # 4967) has been cited by 19,419 peer-reviewed papers (per vendor’s website) - https://
www.cellsignal.com/products/primary-antibodies/b-actin-antibody/4967

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Primary adult mouse skin epithelial bulge and hair germ cells were assayed in vitro for clonogenic potential. Primary PO
mouse skin melanocytes were assayed in vitro in H202-induced senescence experiments.

n/a

Mycoplasma contamination n/a

Commonly misidentified lines  n/a

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

The following mouse lines were used: Tyr-NrasQ61K, Tyr-rtTA, Tyr-CreERT2, Tyr(C-2J), BrafV600E, p53flox, Sppl-/-, Sppiflox, tetO-
Sppl, Cd44-/-, Cd44flox, K14-Cre, K14-CreERT, K14-H2B-GFP, K14-Edn3, K14-Kitl, tdTomato, TOPGAL, nude, SCID. Tissue-specific
mouse models were produced by crossing either Cre- or CreER-carrying animals with flox-ed gene carrying animals, or rtTA-carrying
animals with tetO-carrying animals. Ages of mice used in this study were between postnatal days PO and P100. Mice were housed
under temperature in the range of 21-23°C, relative humidity in the range of 35-50% and under 12 hours light / 12 hours dark cycle.

This study did not involve wild animals.

Both female and male mice were included in the study. Littermates of both sexes were randomly assigned to experimental groups.
Data analysis was performed jointly on male and female mice. Formation of melanocytic nevi and hair growth in nevus skin occurs
efficiently in animals of both sexes.

This study did not involve animals collected from the field.

Animal experiments were performed in compliance with relevant ethical regulations and were approved by animal research
oversight committees at China Agricultural University (to Z.Y.) and/or Gifu University (to T.K.) and/or National Taiwan University (to
C.-H.K.) and/or University of California, Irvine (to B.A. and/or A.K.G. and/or M.V.P.) and/or Central South University (to J.L.) and/or
Kyungpook National University (to J.W.O.).
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Dorsal skin was digested into single cells with Dispase Il solution (Roche), followed by Collagenase | solution (Life
Technologies). Cells were filtered first through 70 uM and then 40 uM strainers. Viability dye (Biolegend) was used to exclude
dead cells. Cell suspension was stained with primary antibodies in FACS staining buffer (1% BSA in PBS with 2 mM EDTA) for
30 minutes on ice before sorting.

FACSAria Il sorters (BD Biosciences), LSRII flow cytometer (BD Biosciences).
FlowlJo software (version 10.8.0).
The purity of sorted cells was >90% as tested by running post-sort samples on flow cytometer machine.

Step 1: Cell debris that were located in the bottom left corner of FSC (forward scatter) vs. SSC (side scatter) density plot were
excluded by size and granularity.

Step 2: Single cells were gated on a diagonal display in FSC-H (forward scatter height) vs. FSC-A (forward scatter area) plot.
Step 3: Single live cells were gated on the basis of Zombie violet viability dye staining. A distinguishable violet negative
population was selected as live cells.

Step 4: Obtained single live cells were then gated as follows:

a) APC-TRP2 positive (x-axis) and PE-Ki67 negative (y-axis), or

b) APC-TRP2 positive (x-axis) and PerCP-Cy5.5-gH2AX positive (y-axis), or

c) APC-TRP2 positive (x-axis) and PE-SPP1 positive (y-axis), or

d) APC-TRP2 positive (x-axis) and PE-Annexin V positive (y-axis), or

e) APC-CD117 positive (x-axis) and FITC-CD45 negative (y-axis), or

f) Pacific Blue-CD49 positive (x-axis) and APC-34 positive (y-axis), and then as AF-488 Edu positive (x-axis), or

g) tdTomato positive (x-axis).

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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