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Cells in healthy tissues acquire mutations with surprising frequency.
Many of these mutations are associated with abnormal cellular
behaviours such as differentiation defects and hyperproliferation,
yet fail to produce macroscopically detectable phenotypes'=. It is
currently unclear how the tissue remains phenotypically normal,
despite the presence of these mutant cells. Here we use intravital
imaging to track the fate of mouse skin epithelium burdened with
varying numbers of activated Wnt/3-catenin stem cells. We show
that all resulting growths that deform the skin tissue architecture
regress, irrespective of their size. Wild-type cells are required for
the active elimination of mutant cells from the tissue, while utilizing
both endogenous and ectopic cellular behaviours to dismantle the
aberrant structures. After regression, the remaining structures
are either completely eliminated or converted into functional skin
appendages in a niche-dependent manner. Furthermore, tissue
aberrancies generated from oncogenic Hras, and even mutation-
independent deformations to the tissue, can also be corrected,
indicating that this tolerance phenomenon reflects a conserved
principle in the skin. This study reveals an unanticipated plasticity
of the adult skin epithelium when faced with mutational and non-
mutational insult, and elucidates the dynamic cellular behaviours
used for its return to a homeostatic state.

Deep sequencing of aged yet phenotypically normal human skin
has revealed oncogenic mutations in regulators of tissue growth and
tumorigenesis®, suggesting that homeostatic tissue may tolerate drivers
of abnormal cellular behaviours. However, it is unclear whether such
tolerance is achieved through oncogene suppression, or whether tissue
overcomes abnormal cellular behaviours through active mechanisms.
To investigate the long-term fates of mutant cells and their tissue conse-
quences, we used intravital imaging to track the same tissue over time*°.
We first focused on the Wnt/B3-catenin pathway, which is a critical
regulator of growth across many tissues®™’. Sustained activation of
(-catenin is known to promote tumorigenesis in a variety of epithelial
tissues, yet fails to generate malignancies in the skin'%1>. We have pre-
viously demonstrated that the activation of 3-catenin within the hair
follicle stem cell (HFSC) compartment generates deformities to the
tissue architecture in the form of benign tumours, comprising both
activated mutant 3-catenin and wild-type cells!®. While these studies
reveal a dynamic interaction of mutant and wild-type cells, it remains
unclear how the tissue tolerates the aberrant behaviours of the mutant
cell population over time.

To address this question, we induced the Cre-dependent activated
B-catn*Ex3) (also known as Ctnnb1°E*3)y mutant allele in a low
number of HFSCs (K19cre®®; Extended Data Fig. 1) at the beginning
of the first hair follicle rest phase and tracked them using two-photon
microscopy. One to two weeks after induction, new axes of growth
emerged from the hair follicles (Extended Data Fig. 2). Surprisingly,
~80% of these outgrowths regressed within 4 weeks, with no incidence
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of recurrence (Fig. 1a and Extended Data Fig. 3a, b). Furthermore, the
outgrowths that had not regressed in the first cycle regressed in subse-
quent weeks (Fig. 1). These results show that although the presence of
mutant 3-catenin cells can perturb the architecture of the tissue through
the formation of aberrant growths, the skin is capable of returning to
its homeostatic state (Extended Data Fig. 3¢).

To understand how the tissue overcomes these aberrancies, we
examined mutant cellular behaviours within the outgrowths during
the phases of growth and regression, using 3-catenin staining and
two fluorescent reporters (tdTomato Cre-recombination reporter and
TCF-H2BGFP Wnt reporter)!'®~'%. We found that the mutant cells
predominantly localized to the centre of the outgrowths (Fig. 2a,
Extended Data Fig. 4a—c and Supplementary Video 1). Before regres-
sion, this core of mutant cells became fully enveloped by surrounding
wild-type cells, and was subsequently expelled out of the tissue (Fig. 2a
and Extended Data Fig. 4c, d). During the growth phase, mutant
cells both proliferated and differentiated, generating hair shaft-like
structures that extended out through the epidermis (Extended Data
Fig. 4e-h and Supplementary Video 1). Additional homeostatic
behaviours such as apoptosis, and ectopic cellular extrusion into the
dermis, occurred with similar frequency during growth and regres-
sion phases (Extended Data Fig. 5 and Supplementary Videos 2-4).
Encapsulation of the mutant core by wild-type cells consistently
preceded its elimination from the tissue, prompting us to investi-
gate the role of wild-type cells during outgrowth regression. Previous
work has shown that wild-type cell expansion within these growths
is enhanced by the ability of mutant cells to secrete Wnt ligands'®°.
Conditional removal of the Wntless gene?® (WIs/"), which regulates
Wnt ligand production, limited the recruitment of wild-type cells
into the growths and prevented wild-type cells from encapsulating
the proliferative mutant cells along the leading edge of the outgrowths
(Fig. 2b and Extended Data Fig. 6a). Interestingly, only 40% of mutant
growths in Wis" mice regressed within the first 4 weeks, while many
of the remaining outgrowths developed into small cysts (Fig. 2c and
Extended Data Fig. 6¢, d).

To further limit wild-type cell contribution to the outgrowths, we
blocked their proliferation via a tet-inducible p27 mutant (CDKN1b)?!,
which upon doxycycline administration inhibits proliferation of K14-
expressing cells (K14rtTA)?2. As the mutant 3-catenin cells down-
regulate K14, most are still able to proliferate, allowing us to specifically
block proliferation of the wild-type population. Remarkably, under
these conditions most of the outgrowths developed into large cysts,
with less than 2% regressing within the timeframe during which 68%
of control growths regressed (Fig. 2d-f, Extended Data Fig. 6¢, e and
Supplementary Video 5). Intriguingly, in the absence of wild-type cells,
[-catenin cells seemed more proliferative, and despite being able to
differentiate, were not observed to regress from the tissue (Extended
Data Fig. 6b). Collectively, our results show that the wild-type cells
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are required for the active elimination of mutant cells from the tissue
(Extended Data Fig. 7).

Outgrowth elimination appeared reminiscent of hair follicle
regenerative programs, raising the question of whether regression is
a specific feature of HFSCs. To address this, we induced the activated
B-catnEx3) mutation in stem cells that contribute to the permanent
structures of the upper epithelium (Lgrécref®)?*?*, Consistent with
previous findings, clonal induction showed that most recombination
occurred in non-hair-cycling regions of the epidermis, such as the
sebaceous glands, junctional zone, and infundibulum, in addition to a
lower incidence within HESCs, thus providing an ideal internal control.
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B-Catenin-induced outgrowths regressed, independently of whether
they emerged from hair-cycling or non-hair-cycling compartments
(Fig. 3a and Extended Data Fig. 8a, b). Intriguingly, an increasing
number of outgrowths from the upper compartment left behind nod-
ules of tdTomato ™ cells, which were not observed in HFSC-derived
outgrowths. We continued to track these remaining structures over
subsequent weeks and, remarkably, observed them transition into
extranumerary sebaceous gland lobes or functional hair follicles
(Fig. 3b, c and Extended Data Fig. 8c—e). Previous reports using gain-
of-function (3-catenin have observed de novo hair follicle formation
and suggested they were a product of 3-catenin mutant cells'>~142>,

Figure 2 | Wild-type cells are required for the
active elimination of mutant cells. a, Revisits of
the same 3-catenin outgrowth. b, ¢, 3-Catenin/Wls
outgrowth phenotypes (mean + s.e.m., number
of outgrowths = 168 Wls*™'* in three mice;

n=66 WIs?* in two mice; n =233 Wls1l

in four mice). d, Schematic of 3-catenin and
CDKN1b induction (top) and outgrowth revisits
(bottom). e, Quantification of growth and
regression (mean &+ s.e.m., n =70 outgrowths

in four 3-catenin/CDKN1b mice and #n =126 in
four 3-catenin mice). f, Dilated follicular cyst
with stratified squamous epithelial lining (black
arrow head) displaying keratinohyalin granules
and dyskeratotic keratinocytes from (3-catenin/
CDKNI1b. Scale bars, 50 pm.
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Figure 3 | Fate of regressing tissue is niche-dependent. a, Quantification
of growth and regression phases of outgrowths (mean +s.e.m.).
Pre-phenotypic plot (n =73 outgrowths across three mice) accounts for
hair follicles before outgrowth development. b, Outgrowth remaining
cells are converted into extranumerary sebaceous gland lobe (left) or

hair follicle (right). Extranumerary structures are outlined in blue.

Our results show that none of the de novo skin appendages contained
tdTomato™ cells, indicating that they predominantly comprise wild-
type cells (n =145 de novo appendages) and emerge from the rem-
nant aberrant structures only after the mutant cores are eliminated.
Altogether, while regression of 3-catenin outgrowths occurs inde-
pendently of the niche, whether outgrowths are completely eliminated
or converted into functional skin appendages is niche-dependent.
We initially activated 3-catenin in small groups of cells, to model a
scenario of natural clonal occurrence of mutation. To test the extent
of this tissue flexibility, we challenged the skin epithelium with a
large population of mutant cells, a condition known to induce skin
tumours!®'21®, Within 3 weeks of induction, the normal epithelium
was transformed by large benign tumours (Fig. 3d). Remarkably,
4 months after induction the tumours were gone (Extended Data
Fig. 8f, g). While the tissue appeared largely normal, there were
several instances of conversion into extranumerary hair follicles
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¢, Quantification of the different fates of non-hair cycling epithelial
outgrowths (mean =+ s.e.m., n =73 outgrowths). d, Representative
images of distinct epidermal regions over time, after a high dose (2 mg)
of tamoxifen (n =4 mice). Insets show representative hair follicles and
derived tumours at progressive time points. Scale bars, 50 pum.

and sebaceous gland lobes (Extended Data Fig. 8h-k). These data
demonstrate that the skin epithelium is capable of eliminating aber-
rant structures, irrespective of their size, to re-establish normal tissue
architecture and function.

Overall, our results demonstrate the tissue’s surprisingly robust ability
to actively correct disruptions to tissue architecture caused by stabi-
lized 3-catenin. This prompted us to ask whether this phenomenon is
indicative of a general plasticity of the skin. To test this, we turned to a
well-established hyperproliferative mutation, Hras%'?V (ref. 26). Using
the same system that produced ectopic growths within the Wnt/3-
catenin system (K19CreER), we activated Hras®!?" and tracked mutant
follicles over time via intravital imaging. These follicles become sig-
nificantly hyperthickened compared with wild-type follicles, owing to
duplication of both differentiated and undifferentiated layers, yet were
corrected over the course of a single 4-week hair cycle (Fig. 4a, b). Next,
we delivered lentiviral-Cre through in utero injection® =2 to induce
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oncogenic Hras expression throughout the skin epithelium. Increased
induction of Hras-mutant cells resulted in a range of deviations to the
tissue architecture from hyperthickening and structural deformities to
large macroscopic skin growths, all of which demonstrated the capacity
to resolve over time (Fig. 4c—e and Extended Data Fig. 9).

While these results show the phenomenon of correction is not spe-
cific to a single mutation, we took our understanding a step further by
testing whether mutation-independent deformations to tissue archi-
tecture could also be corrected. To accomplish this, we disrupted the
bulb region of the hair follicle, which has well-established roles in the
establishment and maintenance of proper hair follicle architecture,
using targeted two-photon laser ablation. Post-ablation, all ablated
follicles adopted a deformed structure, which subsequently regressed.
Overall, 92% of ablated follicles were able to return to a normal struc-
ture (Extended Data Fig. 10). Altogether, these data demonstrate that
the remarkable ability of the skin to correct aberrancies to tissue archi-
tecture is conserved among different mutations as well as mutation-
independent insults.

In summary, these results reveal an unanticipated plasticity of home-
ostasis in adult skin, causing us to reconsider how a tissue copes with
aberrant behaviours of mutant cells. Such dynamic tolerance could be
advantageous to highly regenerative tissues and/or those facing con-
stant insults, raising the possibility that this plasticity could be used in
tissues beyond the skin. Our findings further bring forth the exciting
prospect that our tissues may have innate mechanisms for battling
tumours in their earliest stages. Future mechanistic investigations may
identify both the regulators of this described plasticity that are lost as
tissues progress to malignancy, and the key genes and pathways that
might be reactivated in tumours to promote innate resolution during
therapeutic intervention.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

No statistical methods were used to predetermine sample size. The experiments
were not randomized. The investigators were not blinded to allocation during
experiments and outcome assessment.

Mice. K19crePR mice® were bred to -catn/*Fx3/+ mice® and Hras/¥/G12V
mice® to generate K19crefX; 3-catn/*Fx3/+ and K19creP®;Hras/%12V mice
respectively. Lgrécre®R; 3-catn1x(Ex3/+ mice were bred to (-catnf/lox(Ex3V/+
mice’® to generate Lgr6creER;3-catn*F*3/+ mice. K14-H2BGFP?!' and
K14-H2BmCherry®! transgenic mice were used for visualization of epithe-
lial cells with the two-photon microscope. Reporter lines used to visualize
cre-recombination, Gt(ROSA)26Sortm14(CAG-tdTomato) (tdTomato reporter
line)'”, Gt(ROSA)26Sortm4(ACTB-tdTomato-eGFP)Luo/J] (mTmG), and
TefLef-H2BGEP (Wnt reporter line)'8, as well as WIS/ (ref. 20), tetO-Cdkn1b*,
and K14-rtTA?? mice, were obtained from The Jackson Laboratory. Mice of either
gender from experimental and control groups were randomly selected for live
imaging experiments. No blinding was done. All procedures involving animal
subjects were performed under the approval of the Institutional Animal Care and
Use Committee of the Yale School of Medicine. The maximal tumour dimensions
of 1 cm? permitted by the Committee were not reached in any of the experiments.
Tamoxifen induction of mice. For low-dose experiments, K19cref®;
B-catn* 3+ td Tomato mice, Lgrécre™; B-cat 3+ td Tomato;mTmG mice,
K19crePR; 3-catn™ B3 td Tomato; WIs™? mice, and K19crePR; 3-catn™* B3V +dT
omato;K14rtTA;tetO-Cdknlb mice were given a single dose of 200 pg tamoxifen
dissolved in corn oil (Sigma) at postnatal day 20 by intraperitoneal injection. For
single-cell induction, mice were administered a single dose of 10 ug tamoxifen. For
high-dose experiments, LgrécrePX; 3-catn™* 3+ TmG mice were administered
a single dose of 2 mg tamoxifen. For K19cref;Hras"®/G12V experiments, mice were
administered a single dose of 2 mg tamoxifen. All time courses began 3 days upon
induction (day 0).

Doxycycline administration to mice. For proliferation inhibition experiments,
K19cretR; B-catw*E3V+ td Tomato;K14-H2BGFP;K14rt TA;tetO-Cdkn1b mice
were given doxycycline (2mg ml~!) in water with 2% sucrose beginning at day 5
(post-tamoxifen induction) until the end of the time course.

Lentiviral production and in vivo viral transductions. Lentiviral-Cre production
and concentration and in vivo viral transduction was performed as previously
described”%.

In vivo imaging. Imaging procedures followed those previously described®>1632,
An LaVision TriM Scope II (LaVision Biotec) microscope equipped with a
Chameleon Vision II (Coherent) two-photon laser (940 nm for live imaging of
GFP, 880 nm for whole-mounts) and a Chameleon Discovery (Coherent) two-
photon laser (1,120 nm for live imaging of tdTomato) was used to acquire z-stacks
of about 90-200 pm (3 um serial optical sections) using either a 20 or x40 water
immersion lens (numerical aperture 1.0; Olympus), scanned with a field of view of
0.3-0.5mm? at 800 Hz. Mice were imaged at time points after tamoxifen treatment,
viral transduction, or laser ablation as indicated. To revisit the same hair follicles
over time, organizational clusters of hair follicles and vasculature were used as
landmarks to identify the region using the x4 objective, then switched to higher
objectives for imaging.

Laser ablations. Targeted two-photon laser ablations were performed as previ-
ously described*32. Briefly, during imaging, a 900 nm laser beam was used to scan
the target bulb region and 60-80% laser power was applied for ~1s. Ablation
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parameters were adjusted accordingly depending on the depth of the targeted
anagen follicle (120180 jum).

Image analysis. Raw image stacks were imported into Image] (NIH Image) or
IMARIS (BitPlane Scientific Software) for analysis. Optical planes from time-lapse
acquisitions were aligned in IMARIS to compensate for minor tissue z-shift during
the acquisition. Selected optical planes or z-projections of sequential optical sec-
tions were used to assemble time-lapse movies. To quantify follicular bulge width,
the average of five measurements randomly taken across the bulge of each follicle
was calculated using Image].

Immunohistochemistry and whole-mount staining. Ear and tail whole-mount
tissues were processed as previously described®** with the following modifica-
tions. Ear tissue was incubated in primary and secondary antibodies for ~66 h
each at room temperature. Primary antibodies used were as follows: rabbit anti-
3-catenin (1/500, Abcam, ab6302), rabbit anti-Ki67 (1/300, Leica Novocastra,
NCL-Ki67p; 1/200, Abcam, ab15580), rabbit anti-Gata3 (1/250, Abcam, ab199428),
goat anti-Pcad (1/100, R&D Systems, AF761). Secondary antibodies used were as
follows: anti-rabbit Alexa488, anti-rabbit Alexa568, and anti-rabbit Alexa633 (all
1/200, Life Technologies, A21206/A10042/A2071). Oil Red O (Sigma) staining
was performed by conventional methods, with a working concentration of 0.18%
and stained for 20 min.

Histology. Backskin was 10% formalin-fixed paraffin-embedded and used for
histological analysis. Paraffin-embedded skin tissues were cut at 5um. To show skin
morphology, sections were stained with haematoxylin and eosin using standard
protocols.

RNA analyses. The RNA was prepared from total ear skin and isolated with an
RNeasy Fibrous Tissue Mini Kit (74704, Qiagen) according to the manufacturer’s
instructions. RNA was retrotranscribed into cDNA using a Superscript III First-
Strand Synthesis System (18080-051, Life Technologies). Quantitative reverse tran-
scribed PCR reactions were performed using a Viia7 Real-Time Machine System
(Applied Biosystems). A total of 20 ng of cDNA was used for each reaction with
Fast Start SYBR Green Master Mix (Roche). To detect the 5-cat/™**3) gllele, the
following primer set was used: forward, TGA AGC TCA GCG CAC AG; reverse,
CAT GCC CTC ATC TAG CGT C. Gene expression analysis was conducted using
the AACr method and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
a housekeeping gene. Each sample was run in triplicate per run across two runs.
Data availability statement. The authors declare that the main data supporting
the findings of this study are available within the paper and its supplementary
information. Any additional data are available from the corresponding authors
upon request.
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Extended Data Figure 1 | Increasing the number of mutant cells
increases the severity of aberrancies. a, Diagram of the increasing
severity of aberrancies that develop as the tamoxifen dosage (and number
of mutant cells) increases. b—d, Representative hair follicles induced

with increasing amounts of tamoxifen (TAM), upon induction (top),

and their resulting phenotype (bottom): b, 10 pg of tamoxifen results

in morphologically normal hair follicles with no outgrowths; ¢, 200 pg

of tamoxifen induces about 3-15 recombined cells out of the roughly

80 HFSCs in the resting hair follicles, results in outgrowths; d, 6 mg of
tamoxifen (1 mg of tamoxifen per day for 6 days) results in the formation
of tumours. e, Quantification of outgrowths that arise from increasing
number of labelled cells (mean =+ s.e.m., n = 285 hair follicles in four mice).
Scale bars, 50 pm.
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Extended Data Figure 2 | Developing mutant outgrowths are largely
composed of a mixture of mutant and wild-type cells. a, Percentage
distribution of new bud composition, with 71% of developing outgrowths
made up of a mixture of mutant and wild-type cells (n =112 new buds

all mutant cells
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mutant and WT cells

TCF-H2BGFP K14H2BmCherry K19creER; B-catnflox(Ex3)

across three mice). b, Representative budding outgrowths in tamoxifen-
treated (200 ug) K19crefX; B-catn*3) mice. All epithelial nuclei are
labelled with K14-H2BmCherry (red). Nuclei of mutant cells are labelled
with TCF-H2BGFP (green). All scale bars, 50 pm.
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Extended Data Figure 3 | Small population of mutant cells can generate a varying number of outgrowths that regress. a, Wide-field view of emerging

outgrowths. b, Outgrowth frequency per hair follicle generated by a small population of mutant cells (n = 718 hair follicles across three mice). ¢, Diagram
of outgrowth regression.
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Extended Data Figure 4 | Mutant 3-catenin cells differentiate and to GAPDH, during the development and regression of outgrowths

are subsequently lost from the tissue. a, Whole-mount 3-catenin (mean =+ s.e.m., n =3 mice per time point, ****P < 0.0001). e, Whole-
immunofluorescence staining (blue) showing increased nuclear mount Ki67 staining. f, Mitotic events in tdTomato negative (tdTom™) and
B3-catenin staining corresponds to the Cre and Wnt fluorescent reporters. positive (tdTom™) cells, during different outgrowth stages (mean =+ s.e.m.,
b, 3-Catenin whole-mounts. tdTom™" cells (red) along the core of the n= 150 outgrowths across three mice). g, Revisit of a single outgrowth
outgrowth express higher levels of 3-catenin (green). ¢, Revisits of the showing the morphologically differentiated core (arrowheads, left) that
same outgrowth, showing the progressive elimination of the mutant is expelled from the tissue over time (right). h, Whole-mount staining of
core (TCF-H2BGFP, green). Epithelial nuclei are labelled with inner root sheath differentiation marker Gata3 (ref. 35) co-localizes with
K14-H2BmCherry (red). d, Reverse transcribed PCR quantification of mutant core labelled with tdTomato (left) and TCFH2BGEFP (right). Scale
mRNA expression of the floxed mutant 3-catenin®** allele, normalized bars, 50 pm.
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Extended Data Figure 5 | Apoptosis and cell extrusion occurs during
both growth and regression of aberrancies. a, Quantifications of
different cellular behaviours occurring during growth and regression
(mean + s.e.m.). b, Representative outgrowths during growth (top, lower
left) and regression (lower right) showing nuclear fragmentation, a
morphological hallmark of apoptosis, pseudocoloured pink. ¢, Examples

of outgrowths during growth (top) and regression (bottom) showing
epithelial cells extruded into the dermis (pseudocoloured green).

d, Revisits of extruded cells in the dermis, showing cells become
undetectable over time. e, Quantifications showing the amount of time
cells are detectable in the dermis once extruded. All scale bars, 50 pm.
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Extended Data Figure 6 | Outgrowths with limited contribution

of wild-type cells develop into proliferative cysts. a, K19creER;
B-catnflox(Ex3);tdTomato Wis"7 whole-mount of Ki67 staining.

b, K19creER; 3-catnflox(Ex3);K14rtTA;cdkn1b whole-mount of Ki67 staining.
¢, Haematoxylin and eosin image of K19creER; 3-catnflox(Ex3) backskin
at low- (left) and high-power (right) magnifications. d, Haematoxylin and
eosin image of backskin from K19creER; 3-catnflox(Ex3); WIs" showing
the formation of small follicular cysts at low- (left) and high-power
(right) magnification. e, Haematoxylin and eosin image of backskin from
K19creER; 3-catnflox(Ex3);K14rtTA;cdkn1b showing a dilated follicular
cyst at low- (left) and high-power (right) magnifications. All scale bars,
50 pm.
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Extended Data Figure 7 | Endogenous and ectopic cellular behaviours are used in the regression of the outgrowth. Diagram of observed cellular
behaviours during the growth and regression of the outgrowths.
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Extended Data Figure 8 | Remaining cells from regressed outgrowths
can develop into functional appendages. a, Revisits of the same
outgrowth in the non-cycling compartment. K14-H2BGFP labels
epithelial nuclei (green). The non-hair cycling compartment is outlined
in white. The cycling hair follicle, out of focal plane at later time points, is
represented by a white dotted line. Insets show elimination of mutant core
(tdTomato, red). b, Quantification of the phases of growth and regression
of the outgrowths from the hair cycling epithelium of tamoxifen-treated
(200 pg) Lgrécret™; B-catn*Ex3/+;td Tomato;mTm G; K14- H2BGFP mice
(mean £ s.e.m.). Pre-phenotypic plot accounts for hair follicles before

the development of outgrowths to demonstrate variability in timing of
formation (n =33 outgrowths in three mice). ¢, Quantification of the

two different fates of non-cycling epithelial outgrowths 173 days after
induction (n =24 outgrowths). d, Revisits from a tamoxifen-treated

(200 pg) Lgr6creER;;‘3—catnﬂ‘”‘(E"})“';thomato;me G;K14-H2BGFP mouse
showing that, after the mutant core has differentiated out of the tissue
(left), the remaining nodule of cells has converted into an extranumerary
hair follicle. Subsequent revisits capture the representative extranumerary
follicle in the early stage of catagen (centre) and telogen (right). e, Diagram
representing the conversion into extranumerary structures. f, Revisits of

0 1 +
months post induction

Optical section of main axis

0 5+ [
months post induction K14-H2BGFP LgréereER; B-catnflox(Ex3)

Optical section of extranumerary hair follicle

representative Lgr6creER; B-catnxES3)+ td Tomato;mTm G;K14-H2BGEP
mouse after the administration of a high-dose (2 mg) of tamoxifen

(n=4 mice). Large benign tumours result in a macroscopic phenotype

of severely wrinkled skin (day 21, left and inset) that resolves over time

as the outgrowths regress (day 208, right and inset). g, Quantification

of the hair follicles with tumours (mean + s.e.m., n = 803 hair follicles
across three mice). h, Quantification of hair follicles with supernumerary
sebaceous gland lobes and de novo hair follicles after outgrowth regression
(mean =+ s.e.m., n =>580 hair follicles across three mice). i, Representative
images of normal (left) and extranumerary (right) sebaceous glands
present in the tissue 151 days after induction. Normal sebaceous glands
are outlined in white, extranumerary structures are outlined in blue.

j, Oil Red O staining on tail whole-mounts of Lgr6creER; B-catn/loxEx3)/+
mouse 1 year after the administration of a high dose (2 mg) of tamoxifen.
Note the Oil Red O staining in the extranumerary sebaceous gland lobes,
indicating these structures are functional and actively producing lipids.

k, Whole-mount Pcad IF staining on Lgrécre™®; 3-catn/*®x3)/+ ear skin

1 year after the administration of a high dose (2 mg) of tamoxifen, showing
the extranumerary hair follicle has a Pcad enrichment at the base of the
structure, similar to the hair germ of the main axis. All scale bars, 50 pm.
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Extended Data Figure 9 | Broad Hras activation and mutation- follicles, three mice per genotype). ¢, Haematoxylin and eosin images
independent systems reveal a wide range of corrective abilities. demonstrating regions of epidermal hyperplasia (upper arrowhead) and
a, Representative phenotypes in LV-cre Hras%'?V broad activation dermal cysts (lower arrowhead). d, Keratinized cyst resolves over time.
model (59% are hyperthickened and 10% are structurally deformed). e, Top: x—y view of macroscopic growth in Hras mouse demonstrates that
b, Quantification of follicular bulge width demonstrates that Hras follicles ~ hyperthickening and hyperkeratinization are resolved in 6 weeks. Hair
are significantly hyperthickened during the first rest (P < 0.0001) and follicles (A-C) are used as landmarks. Bottom: y-z view of macroscopic
growth phases (P < 0.0001), but that hyperthickening is resolved by growth at starting (p38) and ending (p80) time points (n =3 regressing
the second rest phase (P=10.0860, n =492 wild-type follicles, 550 Hras macroscopic growths observed in two mice).
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Extended Data Figure 10 | Non-mutational insult to wild-type follicles structure, corrects it, and begins to cycle again. d, Quantification of the
can be corrected. a, Correction of a deformed hair follicle post-ablation cycling ability of follicles 4 weeks post-ablation revealed 24% of ablated
(right) compared with its non-ablated counterpart (left). b, Frequency follicles were able to cycle again (mean =+ s.e.m., n = 38 follicles in five
of ablated follicle recovery (mean =+ s.e.m., n = 38 follicles in five mice) mice). Asterisks denote region of autofluorescence produced post-
¢, Representative image of an ablated follicle that adopts a deformed ablation. All scale bars, 50 pm.
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