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An evolutionarily conserved ribosome-rescue
pathway maintains epidermal homeostasis
Kifayathullah Liakath-Ali1,8, Eric W. Mills2, Inês Sequeira1, Beate M. Lichtenberger1,3, Angela Oliveira Pisco1, Kalle H. Sipilä1,
Ajay Mishra1,4, Harunori Yoshikawa5, Colin Chih-Chien Wu2, Tony Ly5,6, Angus I. Lamond5, Ibrahim M. Adham7,
Rachel Green2 & Fiona M. Watt1*

Ribosome-associated mRNA quality control mechanisms ensure
the fidelity of protein translation1,2. Although these mechanisms
have been extensively studied in yeast, little is known about their
role in mammalian tissues, despite emerging evidence that stem cell
fate is controlled by translational mechanisms3,4. One evolutionarily
conserved component of the quality control machinery, Dom34 (in
higher eukaryotes known as Pelota (Pelo)), rescues stalled
ribosomes5. Here we show that Pelo is required for mammalian
epidermal homeostasis. Conditional deletion of Pelo in mouse
epidermal stem cells that express Lrig1 results in hyperproliferation
and abnormal differentiation of these cells. By contrast, deletion
of Pelo in Lgr5-expressing stem cells has no effect and deletion in
Lgr6-expressing stem cells induces only a mild phenotype. Loss of
Pelo results in accumulation of short ribosome footprints and global
upregulation of translation, rather than affecting the expression of
specific genes. Translational inhibition by rapamycin-mediated
downregulation of mTOR (mechanistic target of rapamycin
kinase) rescues the epidermal phenotype. Our study reveals that
the ribosome-rescue machinery is important for mammalian tissue
homeostasis and that it has specific effects on different stem cell
populations.
Pelo is expressed in mouse skin dermis and epidermis6 (Extended
Data Fig. 1a). Dermal-specific deletion of Pelo (PeloderKO) resulted
in mice that were smaller than littermate controls but had a normal
lifespan and no dermal abnormalities (Fig. 1a–f). Although Pelo
forms a functional complex with Hbs1 in yeast7 and the mammalian
homologue Hbs1l is expressed in mouse skin6 (Extended Data Fig. 1b),
Hbs1l knockout (from exon 5; Extended Data Fig. 1c) caused no
epidermal defects (Extended Data Fig. 1d–f) and only small changes in
dermal collagen deposition, thickness and cell density (Extended Data
Fig. 1f–m). Another Pelo partner, Gtpbp28, does not have a reported
skin phenotype.
Selective embryonic deletion of Pelo in Krt14-expressing epidermal
cells, comprising the known stem cell subpopulations9, via Krt14Cre
(PeloepiKO; Fig. 1g) phenocopied deletion via the ubiquitous Rosa26
locus10. Mice were born with scaly skin and an epidermal barrier
defect (increased transepidermal water loss (TEWL)). They exhibited hair and weight loss and failed to thrive beyond 5 months of age
(Fig. 1h–k). Epidermal thickening resulted from increased proliferation (Fig. 1l–s) and abnormal accumulation of differentiated cells
(Fig. 1n–t). Wound closure was delayed (Fig. 1u), correlating with
reduced proliferation, differentiation and migration of epidermal
cells (Extended Data Fig. 2a–i). Hyperproliferation in unwounded
skin combined with delayed wound healing and abnormal differentiation has been observed in other mouse models11. There was also
striking degeneration of the sebaceous glands and hair follicles, correlating with loss of the hair follicle bulge stem cell markers Krt15

and CD34 and the junctional zone stem cell marker Lrig1 (Extended
Data Fig. 3a–c).
To determine whether the Pelo epidermal phenotype could be
induced postnatally, we induced epidermal loss of Pelo in adult mice
by treating adult Pelofl/flKrt14CreERT mice with 4-hydroxytamoxifen
(4-OHT; Extended Data Fig. 4a, b). Mice developed skin lesions,
increased TEWL and delayed wound closure (Extended Data Fig. 4c–e).
Degeneration of hair follicles and sebaceous glands correlated with
keratinized cyst formation (Extended Data Fig. 4f, g). Sebocyte differentiation was disturbed, accompanied by expansion of Lrig1 labelling
into the upper sebaceous gland (Extended Data Fig. 4h, i).
PELO knockdown in cultured human epidermal keratinocytes
led to an increase in stem cell colonies (Extended Data Fig. 5a–g).
Immunostaining of epidermis reconstituted on decellularized dermis revealed increased proliferation of basal layer cells and increased
differentiated layers (Extended Data Fig. 5h–l). Therefore, the mouse
epidermal Pelo phenotype was recapitulated in human cells.
To determine whether there is a differential requirement for Pelo in
different epidermal subpopulations, we conditionally deleted Pelo in
Lgr5+, Lgr6+ and Lrig1+ stem cells (Fig. 2a–c). Pelo deletion in Lrig1+
cells recapitulated the effects of deleting Pelo in Krt14+ cells, whereas
when Pelo was deleted in Lgr5+ and Lgr6+ cells differentiation was normal (Fig. 2d) with only a small increase in Ki67+ cells (Fig. 2f, Extended
Data Fig. 5m). Pelo deletion in Lrig1+ cells increased cell proliferation
in the upper hair follicle, with marked changes in follicles and sebaceous glands (Fig. 2e, Extended Data Fig. 6a, b). There were substantial
increases in proliferation and TEWL in the interfollicular epidermis
(IFE) of Pelofl/flLrig1CreERT2 mice compared to Pelofl/flLgr5CreERT2 and
Pelofl/flLgr6CreERT2 mice (Extended Data Fig. 5m, Fig. 2f, h). There was
a small increase in epidermal thickness in Pelofl/flLgr6CreERT2 mice but
TEWL was unaffected (Fig. 2g, h).
We next generated Pelofl/flLrig1CreERT2Rosa26tdTom, Pelofl/flLgr5CreERT2
Rosa26tdTom and Pelofl/flLgr6CreERT2Rosa26tdTom mice, and treated them
with 4-OHT. Pelo deletion did not change the contribution of Lgr5 or
Lgr6 progeny to the epidermis (Extended Data Fig. 6c, d). By contrast, on Pelo deletion Lrig1 lineage cells expanded downwards into
the hair follicles and fully colonized the IFE (Extended Data Fig. 6c, d).
In the presence or absence of Pelo, the Lrig1 lineage accounted for most
Ki67+ epidermal cells; they also accounted for the increase in proliferative cells on Pelo deletion (Extended Data Fig. 6e, f).
Yeast cells lacking Dom34 (the homologue of Pelo) are enriched in
short 16–18-nucleotide ribosome-protected fragments (RPFs) resulting from translation to the 3′ end of truncated mRNAs5. Dom34;Rli1
mutant yeast cells accumulate full length 28–32-nucleotide RPFs in
3′ untranslated regions (UTRs), consistent with the roles of Dom34 and
Rli1 in ribosome rescue and recycling on intact mRNAs, respectively12.
In anucleate haematopoietic cells, PELO and ABCE1 (mammalian

1
Centre for Stem Cells and Regenerative Medicine, King’s College London, London, UK. 2Howard Hughes Medical Institute, Department of Molecular Biology and Genetics, Johns Hopkins School
of Medicine, Baltimore, MD, USA. 3Skin and Endothelium Research Division, Department of Dermatology, Medical University of Vienna, Vienna, Austria. 4Cambridge Infinitus Research Centre,
University of Cambridge, Cambridge, UK. 5Centre for Gene Regulation and Expression, School of Life Sciences, University of Dundee, Dundee, UK. 6Wellcome Trust Centre for Cell Biology,
University of Edinburgh, Edinburgh, UK. 7Institute of Human Genetics, University Medical Centre of Göttingen, Göttingen, Germany. 8Present address: Department of Molecular and Cellular
Physiology and Howard Hughes Medical Institute, Stanford University Medical School, Stanford, CA, USA. *e-mail: fiona.watt@kcl.ac.uk

3 7 6 | N A T U RE | V O L 5 5 6 | 1 9 A P R I L 2 0 1 8

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Letter RESEARCH
a
b

×

Pelota

Ctrl

PeloderKO

Dermo1

c Ctrl

g

Cre

e Ctrl

PeloderKO

Pelo

×

Pelota

h

derKO

P5

Cre

K14

P40

Ctrl

Ctrl

PeloepiKO

Ctrl

s 200
Cells per visible field

*

p63 DAPI
PeloepiKO

Body weight (g)

0

75 100 125 150 175
Age (days)

t 40,000

***

125
100

***

**

50
0

100

Ctrl

20,000
15,000

10,000

5,000

l
Iv

r

1
m
Tg

g
Fl

Lo

O

KO

pi

pi
K

C
lo e trl

lo e trl

u

35

30

25

PeloepiKO

Ctrl
PeloepiKO

Pe

Pe

C

pi
KO

80

PeloepiKO

0

C
lo e trl

EdU Itgα6 DAPI

Pe

Ki67
DAPI

40
60
Age (days)

Ctrl

25

*

20

20

Ctrl

150

75

0

o

p63+
Ki67+
EdU+

175

*

50

K14 Flg
PeloepiKO

PeloepiKO

10

15

0

Ctrl

15

10

r

25

K14 layer

Epidermis thickness (μm)

PeloepiKO

20

Wound area (mm2)

q

Ctrl

0

80

40

25

5

Ctrl

5

PeloepiKO

PeloepiKO

n

30

5
0

***

120

***

Ctrl
PeloepiKO

***

10

m

25

Filaggrin layer

H&E

Ctrl

50

0

25

20

15

10

5

0

Ki67 DAPI

Ctrl
PeloepiKO

75

35

j

***

TEWL (g m–2 h–1)

l

Per cent survival

NS

PeloderKO

100

PeloepiKO

1m

Ctrl

15

0

p

*

20

i

NS

PeloderKO

Dermal cellularity (cells per visible field)

k

P90

PeloderKO

Ctrl

Ctrl

9m

Ctrl

PeloepiKO

Vim DAPI

Relative abundance

f

H&E

d

Ctrl

PeloepiKO

Thickness (μm)
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0

Ctrl
PeloepiKO

*

0

2

4
6
8
10
Days post wound

Fig. 1 | Differential effects of Pelo deletion. a–f, PeloderKO mice; g–u,
PeloepiKO mice. h, Arrows show skin abnormalities. c, d, l, m, Haematoxylin
and eosin (H&E) staining of back (c, d) and tail (l, m) skin. Dermal
cellularity (d) and epidermal thickness (m) were measured. 1 m and 9 m,
1 and 9 months old, respectively. n = 12 sections analysed over three
mice per group. e, f, n, p–r, Immunolabelling of sections (e, f, n, p) and
wholemounts (q, r). Asterisks, non-specific; arrow, suprabasal labelling;
dashed lines, epidermal–dermal boundary. m, o, ***P < 0.001, n = 3 mice.

i, Kaplan–Meier curves (n = 29 mice). j, Body weight. ***P < 0.0003; n = 5
per group. k, TEWL. P < 0.05; n = 3. s, Quantification of proliferation.
**P = 0.0086; ***P = 0.0003 for Ki67; ***P = 0.0006 for EdU; n = 3.
t, Cumulative mean values of gene expression from ribosome profiling.
u, Wound closure. *P = 0.0500; n = 3. Representative images in c, e, f, l, n,
p–r from three independent experiments. Ctrl, littermate controls. Scale
bars, 100 μm.

homologue of Rli1) rescue non-translating 3′ UTR ribosomes13 and
promote mRNA decay14. When we performed ribosomal profiling on
keratinocytes from adult PeloepiKO mice by deep sequencing RPFs15,
RPFs mapped primarily to the coding sequence (CDS) (Fig. 3a,
Extended Data Fig. 7a, b), consistent with studies12 showing that loss
of PELO alone does not substantially increase 3′ UTR ribosomes. CDS
RPFs were primarily 28–34 nucleotides long, the expected fragment
size protected by mammalian ribosomes16, and displayed the threenucleotide periodicity that reflects codon-by-codon movement of elongating ribosomes (Fig. 3b, grey bars).
PeloepiKO profiles were enriched in 20–21-nucleotide RPFs (about
4–5% of total RPFs compared to less than 1% in control cells) (Fig. 3a–c).
Like the dominant population of 28–34-nucleotide RPFs, these footprints were primarily found in the CDS and showed a strong reading
frame signal, indicating that they too reflect the presence of elongating
ribosomes, yet are shortened on their 3′ ends after nuclease digestion
(Fig. 3d, right). The density of short RPFs was evenly distributed and
did not increase near the downstream 3′ portion of transcripts (Fig. 3a),
as would be anticipated if they resulted from ribosomes encountering
a directional RNA decay process17,18. Consistent with this, enrichment
for 20–21-nucleotide footprints was not linked to reduced transcript
abundance in PeloepiKO cells (Fig. 3e, Supplementary Table 1). Although
Pelo has been implicated in the decay of unusual histone mRNAs that
lack polyA tails19, the short footprints did not demonstrate patterns
to indicate they result from ribosomes occupying transcripts that are
being degraded. The 21mer RPFs seen in PeloepiKO cells could be the

equivalent of the 16mer species in yeast5 and reflect the increased size
of the mammalian ribosome20. However, we suggest they are equivalent
to the 21-nucleotide fragments observed21 in anisomycin-treated yeast
cells and reflect dependence on Pelo-associated quality control mechanisms in response to transfer RNA starvation in rapidly dividing cells.
Epidermal Pelo loss led to significant changes in global translational
efficiency15 (Fig. 3f, g; P < 0.01). Translational efficiency values for
keratins and ribosomal proteins were notably increased (Fig. 3e, f).
There was substantial enrichment for genes involved in RNA metabolism, protein synthesis, extracellular matrix and chromatin regulation
(Fig. 3h, Extended Data Fig. 7c–e, Supplementary Tables 2, 3). There
was also differential expression of canonical translational pathways,
including upregulation of the mTOR pathway (Fig. 3h, Extended
Data Fig. 8a, b). As mTOR signalling leads to increased global translation22 (Extended Data Fig. 8c), we compared the previously published
Gtpbp2/tRNA mutant8 and our PeloepiKO mouse cell gene expression
datasets. We found substantial overlap in translational signalling
pathways (Extended Data Fig. 8d), suggesting that ribosome stalling
is sensed by mTOR.
The polysome-to-monosome ratio was increased in PeloepiKO cells
(Fig. 3i), suggesting an overall increase in translation or accumulation of inactive stalled ribosomes. Krt86 transcripts were enriched in
the heavy polysome fractions (Fig. 3j), consistent with the increases
in translational efficiency values, suggesting increased overall translation. This was confirmed by quantifying global protein synthesis using O-propargyl-puromycin (OP-P) incorporation into newly
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synthesized polypeptide chains3,4. OP-P incorporation was increased
in PeloepiKO IFE and hair follicles compared to controls. Labelling was
higher in the IFE suprabasal layers than the basal layer, consistent with
increased total protein synthesis during differentiation23 (Fig. 4a–d).
The increase in OP-P labelling in total Pelo-null keratinocytes and stem
cells (Integrin α6-high cells; Itga6high) was confirmed by flow cyto
metry (Fig. 4e–j, Extended Data Fig. 9a). Confocal microscopy revealed
a striking increase in the size of PeloepiKO basal cells (Extended Data
Fig. 9b–d), consistent with increased protein synthesis and a higher
proportion of G2/M and S phase cells (Extended Data Fig. 9e).
In control mice, Lrig1+ cells exhibited slightly higher protein synthesis than Lgr5+ and Lgr6+ cells (Fig. 4k, l). When Pelo was deleted,
protein synthesis in Lrig1+ cells was increased further relative to Lgr5+
and Lgr6+ cells (Fig. 4k, l). RNA sequencing (RNA-seq) (Extended Data

Fig. 10a) revealed that, regardless of whether Pelo was expressed, Lgr5+
cells clustered separately from Lrig1+ and Lgr6+ cells, while the gene
expression profiles of individual populations did not cluster based on
Pelo expression (Extended Data Fig. 10b–j, Supplementary Tables 4, 5).
Therefore, the Pelo epidermal phenotype primarily reflects increased
translation, rather than expression of specific genes.
To downregulate mTOR122, we applied rapamycin to adult PeloepiKO
skin (Extended Data Fig. 9f, g). There was a significant (P < 0.02) reduction in Ki67+ cells compared to controls (Extended Data Fig. 9h–j).
Phosphorylated ribosomal protein S6K (pS6K), a key substrate of
mTOR22, was increased in PeloepiKO skin, and reduced by rapamycin
(Extended Data Fig. 9k). However, rapamycin did not prevent
disruption of hair follicle and sebaceous gland architecture (Extended
Data Fig. 9h).
1 9 A P R I L 2 0 1 8 | V O L 5 5 6 | N A T U RE | 3 7 9

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

RESEARCH Letter
Simultaneous rapamycin treatment and Pelo deletion largely prevented Pelo-mediated disruption of epidermal homeostasis (Fig. 4m, n).
TEWL, epidermal thickening and proliferation were substantially
reduced (Fig. 4o–u, Extended Data Fig. 9l); pS6K labelling was reduced
(Fig. 4v) and phosphorylation of another mTOR substrate, 4EBP1, was
decreased (Extended Data Fig. 9m). Therefore, the epidermal Pelo deletion phenotype is largely attributable to increased protein translation.
Our results indicate that translational control is critical for tissue
homeostasis3,4,13 and establish a link between Pelo inactivation and
translational activation via mTOR. mTOR is known to regulate cell
growth and proliferation22,24 and is activated upon ribosome-stalling by
Fragile X mental retardation protein25,26. Impaired ribosomal biogenesis also activates mTOR1 signalling and stimulates translation initiation
and elongation factors27. mTOR signalling may be activated to enhance
the efficiency of the translational machinery in order to compensate
for impaired or reduced availability of ribosomes8,28.
The increased size of Pelo-null epidermal cells as a result of increased
protein synthesis23,29 may stimulate differentiation through decreased
basement membrane engagement30 and thus indirectly promotes proliferation. Factors that may account for the selective sensitivity of Lrig1+
cells to Pelo deletion include their proliferative state, abundance and
location relative to Lgr5+ and Lgr6+ cells, together with their known
ability to repopulate different epidermal compartments31.
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Methods

Mouse strains. All mouse experiments were performed under a UK Government
Home Office project license and subject to local institutional ethical approval.
The generation of conditional Pelofl/fl (Pelotm1Imad) mice has been described
elsewhere32. To derive constitutive Pelo epidermal knockout mice (PeloepiKO), Pelofl/fl
mice were crossed with Krt14Cre mice (Jax strain, stock number 004782). To achieve
temporally controlled Pelo knockout and genetic labelling of cells lacking Pelo,
Pelofl/fl mice were crossed with Krt14CreERT (Jax strain, stock number 005107),
Lrig1EGFP-IRES-CreERT2 mice31, Lgr5EGFP-IRES-CreERT2 mice33, Lgr6EGFP-IRES-CreERT2
mice34 and Rosa26LoxP-Stop-LoxP-tdTomato mice35. To activate Cre recombinase, 4-OHT
(Sigma-Aldrich) was dissolved in acetone and applied topically (3 mg/100 μl)
every day for five days and once a week for three weeks. For proliferation assays,
5-ethynyl-2′-deoxyuridine (EdU) (Invitrogen, 20 mg per kg body mass; in PBS)
was injected intraperitonially and the tissue was removed 1 h later. To derive constitutive Pelo dermal knockout mice (PeloderKO), Pelofl/fl mice were crossed with
Dermo1Cre (B6.129 × 1-Twist2tm1.1(cre)Dor/J) mice36,37. Mouse lines used in this study
and the locations of marker expression in the skin are illustrated in Extended
Data Fig. 10k. Hbs1l−/− (Hbs1ltm1a(KOMP)Wtsi) mice were produced at the Wellcome
Trust Sanger Institute Mouse Genetics Project as part of the International Mouse
Phenotype Consortium (IMPC)38.
No statistical methods were used to predetermine sample size. The experiments
were not randomized and the investigators were not blinded to allocation during
experiments and outcome assessment.
Library generation for ribosome profiling. Samples of PeloepiKO epidermis for
ribosome profiling and RNA-seq were prepared by scraping off the epidermal
layer in liquid nitrogen. Frozen samples were ground using a Mixer Mill (Retsch)
and thawed in the presence of polysome lysis buffer. Lysates were clarified by centrifugation at 20,000g for 10 min at 4 °C and the supernatant was collected. Total
lysate RNA was quantified using the Quant-it RNA kit (Thermo) and 5 µg was
used for preparation of ribosome profiling libraries as described previously15. Total
RNA was size-selected by excising gel regions between phosphorylated 16-nt and
34-nt RNA oligo standards. Ribosomal RNAs were depleted using Ribo-Zero Gold
(Illumina) after footprint size-selection. One hundred nanograms ribosomal RNA
was used for preparation of RNA-seq libraries from the same samples as profiling
libraries. Analysis using a BioAnalyzer total RNA pico chip was used to confirm
RNA integrity (RIN > 9) for RNA sequencing samples. The datasets are deposited
in GEO under accession number GSE94385.
Sequencing and data analysis. Ribosome profiling and RNA-seq libraries were
sequenced using a HiSeq2500 (Illumina). About 110 million total raw reads were
generated from 4 ribosome profiling samples with between 11 and 30 million reads
mapping to the genome per sample. For ribosome profiling analysis, only singly mapped reads (NH:i:1) with no mismatches (NM:I:0) were used. Translational
efficiency (TE) was calculated as the number of CDS RPFs per RPKM. Relative
3′ UTR ribosome occupancy was calculated as 3′ UTR footprint density/CDS
footprint density. For differential gene expression analysis, we uploaded the list
of differentially expressed genes into Ingenuity IPA and ran a core analysis. This
identified the top molecules, pathways and master regulators that differed between
control and PeloepiKO samples.
Polysome analysis. Epidermal layers from wild-type and PeloepiKO mice were
lysed as described in ‘Library generation for ribosome profiling’. Clarified lysates
were loaded on 10–50% sucrose gradients prepared in polysome gradient buffer
(20 mM Tris-HCl pH 8, 150 mM KCl, 5 mM MgCl2, 0.5 mM DTT, 0.1 mg/ml
cycloheximide), and gradients were spun in an SW41-Ti rotor at 40,000 r.p.m.
for 3 h at 4 °C. Gradients were fractionated using a Brandel Density Gradient
Fractionation System. Prior to RNA extraction, CLuc mRNA (NEB) was added
to each fraction. RNA was extracted using hot acidic phenol and cDNA was
synthesized using iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instructions. qPCR was carried out using iTaq Universal SYBR Green
Supermix (Bio-Rad). Relative mRNA abundances in indicated fractions were
normalized to CLuc mRNA to account for differences in RNA extraction efficiency among fractions, and then calculated as fold changes normalized to 80 S
fractions. qPCR primers: CLuc forward 5′-GCTTCAACATCACCGTCATTG-3′,
CLuc reverse 5′-CACAGAGGCCAGAGATCATTC-3′, Krt86 forward 5′-AACA
GAATGATCCAGAGGCTG-3′, Krt86 reverse 5′- GCTCAGATTGGGTCACGG-3′.
RNA-seq library preparation and analysis. A primary epidermal cell suspension was prepared as previously described39. In brief, cells were harvested from
3-month-old 4-OHT-treated Pelofl/+Lrig1EGFP-CreERT2, Pelofl/+Lgr5EGFP-CreERT2
and Pelofl/+Lgr6EGFP-CreERT2 control mice, and Pelofl/flLrig1EGFP-CreERT2, Pelofl/fl
Lgr5EGFP-CreERT2 and Pelofl/flLgr6EGFP-CreERT2 Pelo mutant mice. The total epidermal
population was sorted by fluorescence-activated cell sorting (FACS) for GFP+
cells on a BD FACSAriaII cell Sorter and 1,000 GFP-high cells collected from
each population for RNA-seq. Library construction and the strategy for RNA-seq
involved the Smart-seq2 method as reported previously40. Fastq files of paired-end
reads were uploaded to the Galaxy platform41 and aligned using STAR aligner42

to the Mus musculus reference genome (GRCm38/Mm10). BAM files were processed in R using the ‘rnaseqGene’ workflow43. The data were analysed using the
edgeR package. Processed data were mined using IPA Ingenuity Pathway Analysis
(Qiagen). The datasets are deposited in GEO under accession number GSE106246.
Flow cytometry for measurement of cell size, cell cycle and protein synthesis
in vivo. To analyse cell size by flow cytometry, epidermal cells were isolated as
previously described39. In brief, epidermis was enzymatically separated from dermis with thermolysin (Sigma, 0.25 mg/ml in PBS) overnight at 4 °C. Epidermal
sheets were processed into single cell suspensions by incubation in DMEM (Gibco)
containing DNase (Sigma, 250 µg/ml) for 20 min at 37 °C with shaking. Single cells
were labelled according to standard procedures with anti-Integrin α6-Alexa Fluor
647 or FITC (AbSource, 1:20) antibodies. To assess the percentage of proliferating
epidermal cells, mice were injected with 500 µg 5-ethynyl-2′-deoxyuridine (EdU;
2.5 mg/ml in PBS) intraperitoneally and back skin was harvested 2 h later. Cells
were isolated as described above and single cell suspensions were stained with the
Click-iT EdU Alexa Fluor 488 Flow Cytometry Kit (Invitrogen) according to the
manufacturer’s recommendations. Cell cycle analysis was performed on a BD LSR
Fortessa cell analyser. Proliferating cells that had incorporated EdU were detected
in the FITC/Alexa Fluor 488 channel.
To measure protein synthesis in vivo, we injected mice intraperitoneally with
OP-P (Medchem Source or Thermo Fisher (C10459); 50 mg kg−1 body mass;
pH 6.4–6.6 in PBS). One hour later, mice were euthanized and back and tail skin
samples were collected. Epidermal dissociation was performed as described above.
The staining for detection of protein synthesis was performed according to the
manufacturer’s instructions (Click-iT Plus OPP Protein Synthesis Assay Kit;
Thermofisher Scientific). Samples from PBS-injected mice were also stained for
detection of protein synthesis and the fluorescence signal was used to determine
background labelling. Rates of protein synthesis were calculated as described previously3. In brief, OP-P signals were normalized to whole epidermis after subtracting
the autofluorescence background. ‘Mean OP-P fluorescence’ reflected fluorescence
values for each cell population normalized to whole epidermis. Labelled cells were
analysed on a BD LSRFortessa cell analyser. All data were analysed using FlowJo
software.
Histology, epidermal wholemounts and imaging. For paraffin sections, skin
samples were fixed with 10% neutral buffered formalin overnight before paraffin
embedding. The tissues were sectioned and stained with H&E and Herovici’s stain
by conventional methods. For frozen sections, skin samples were embedded in
OCT (optimal cutting temperature compound; VWR), sectioned and fixed in 4%
PFA for 10 min before staining. Slides were mounted using ProLong Gold anti-fade
reagent containing DAPI (Life Technologies) as a nuclear counterstain. H&E and
Herovici images were acquired using a Hamamatsu slide scanner and analysed
using NanoZoomer software (Hamamatsu).
The epidermal wholemount labelling procedure was performed as described
previously44,45. In brief, mouse tails were slit on the ventral side lengthways. Pieces
(0.5 × 0.5 cm2) of skin were incubated in 5 mM EDTA in PBS at 37 °C for 4 h. The
epidermis was gently peeled from the dermis as an intact sheet in a proximal to
distal direction, corresponding to the orientation of the hairs, and then the epidermis was fixed in 4% paraformaldehyde (PFA; Sigma) for 1 h at room temperature.
Fixed epidermal sheets were washed in PBS and stored in PBS containing 0.2%
sodium azide at 4 °C.
Confocal image acquisition of stained wholemounts and skin sections was
performed using a Nikon A1 confocal microscope. Images were analysed using
NIS Elements (Nikon Instruments Inc.). Photoshop CS5 (Adobe image suite) was
used to optimize the images globally for brightness, contrast and colour balance.
Rapamycin treatment. Rapamycin (LC Laboratories, R5000) was dissolved in acetone. Rapamycin treatment groups of mice received topical applications of 500 μl
0.2% rapamycin on dorsal and tail skin. Vehicle treatment groups received an
equal volume of acetone without rapamycin. Dorsal skin was shaved before the
day of treatment.
Wound and TEWL assays. Full-thickness wounds were made on the lower dorsal
skin (5 mm) or tail (2 mm) using a punch biopsy (Stiefel) under analgesia and general anaesthesia. The hair on the back was shaved before wounding. Wound closure
was measured using a Vernier scale. Epidermal barrier function was assessed by
testing basal TEWL on the dorsal skin of mice using a TEWAmeter (Courage
and Khazaka, TM210). Measurements were collected for 15–20 s when TEWL
readings had stabilized, approximately 30 s after the probe collar was placed on
the dorsal skin.
Antibodies. Primary antibodies for wholemount and tissue sections were: chicken
anti-Krt14 (Covance, SIG2376, 1:500) or directly conjugated (AlexaFluor 555) Krt14
(LL002, in house, 1:200); directly conjugated (AlexaFluor 488) Krt15 (LHK-15,
in-house, 1:50); rabbit anti-p63 (SCBT, sc367333, 1:100); rabbit anti-filaggrin
(Covance, PRB-417P, 1:100); mouse anti-FASN (SCBT, sc48357, 1:100); rabbit
anti-Ki67 (Novocastra, NCL-Ki67p, 1:500); rabbit anti-Ki67 (Abcam, ab16667,
1:500); rabbit anti-phospho-S6 ribosomal protein (Ser235/236) (pS6K, Cell
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Signaling, 2211, 1:200); rabbit anti-P-cadherin (Cell Signaling, 2130, 1:200); rabbit
anti-Vimentin (Cell Signaling, 5741s, 1:500); rabbit anti-Krt10 (Covance, PRB159P, 1:500); FITC-conjugated rat anti-CD49f (Integrin α6, Biolegend, 313606,
1:100); goat anti-Lrig1 (R&D Systems, FAB3688G, 1:200); rabbit anti-Scd1 (Cell
Signaling, 2794s, 1:500); mouse anti-involucrin (SY5, in-house, 1:500); mouse
anti-pan-keratin (Abcam, ab8068, 1:200); rat anti-CD34 (RAM34, Thermo Fisher,
14-0341-82, 1:200); rabbit anti-phospho-4EBP1 (Thr37/46) (Cell Signalling,
236B4, 1:500). AlexaFluor (Life Technologies) dye-conjugated secondary antibodies were used at 1:250 dilutions.
In vitro knockdown, clonogenicity and skin reconstitution assay. Primary
human keratinocytes (strain km) were isolated from neonatal foreskin and cultured
on mitotically inactivated 3T3-J2 feeder cells in complete FAD medium, containing
1 part Ham’s F12 medium and three parts Dulbecco’s modified Eagle’s medium
(DMEM), 1.8 × 10−4 M adenine, 10% (v/v) FBS, 0.5 μg ml−1 hydrocortisone,
5 μg ml−1 insulin, 10−10 M cholera toxin and 10 ng ml−1 EGF, as described
previously46,47. Keratinocytes routinely tested negative for mycoplasma but were
not subjected to STR profiling because they were not an established cell line. siRNAmediated gene silencing was performed as described previously48. In brief, keratinocytes were transferred to feeder-free conditions in keratinocyte serum-free medium
(KSFM) containing 30 μg ml−1 BPE (bovine pituitary extract) and 0.2 ng ml−1
EGF (Gibco) for 2–3 days. Cells were trypsinized at ~70% confluence and resuspended in cell line buffer SF (Lonza). For each 20-μl transfection (program
FF-113), 2 × 105 cells were mixed with 1–2 μM siRNA duplexes (Silencer select
siRNA for PELO ID131910, ID131911, ID131912, as well as negative control,
Ambion). Transfected cells were incubated at room temperature for 5–10 min and
subsequently resuspended in pre-warmed KSFM. siRNA nucleofections were performed with the Amaxa 16-well shuttle system (Lonza). Alternatively, keratinocytes
were transfected by using INTERFERin (Polyplus transfections): 36 pmol siRNA,
4 μl INTERFERin reagent, and 200 μl KSFM were mixed in a collagen-coated
(20 μg ml−1 in PBS, 1 h, 37 °C) 12-well plate and incubated for 20 min at room
temperature. After the incubation, 75,000 keratinocytes were seeded per well (final
concentration of siRNA 30 nM). Medium was changed after 4 h and cells were
harvested after 48 h.
For clonogenicity assays, nucleofected keratinocytes were seeded at low density
(100–250 cells per well) on a prepared feeder layer in 6-well plates containing complete FAD medium. Keratinocytes were maintained in culture for 12 days and then
feeders were removed by Versene treatment combined with tapping the culture
flask. Once all the feeder cells had been washed away, the remaining keratinocyte
colonies were fixed with 4% PFA at room temperature for 10 min. Colonies were
then stained with 1% Rhodanile Blue (1:1 mixture of Rhodamine B and Nile Blue
A (Acros Organics) solution for 15 min and washed with distilled water before
examination. Stained dishes containing keratinocyte colonies were imaged using
a Molecular Imager Gel Doc XR + imaging system (Bio-Rad). Colonies were measured using ImageJ and clonogenicity was calculated as the percentage of plated
cells that formed colonies.
For the skin reconstitution assay, pre-confluent keratinocyte cultures (km passage 3) were disaggregated and transfected either with PELO siRNAs or scrambled
control siRNAs. Twenty-four hours after transfection, keratinocytes were collected
and seeded on irradiated de-epidermized human dermis in 6-well Transwell plates
with feeders and cultured at the air–liquid interface for three weeks49. Organotypic
cultures were fixed in 10% neutral buffered formalin (overnight), paraffin embedded and sectioned for H&E and immunofluorescence analysis.
Picrosirius birefringence, dermal thickness and dermal cell density. Twelvemicrometre paraffin sections were stained with picrosirius red using a standard
method50. In brief, the sections were de-paraffinized, washed twice with water
and stained for 1 h in picrosirius red solution (0.1% Sirius red F3B in a saturated
aqueous solution of picric acid). After staining, sections were washed twice with
acidified water (0.5% acetic acid), dehydrated, cleared with xylene, and mounted

with DPX mounting medium. The images were acquired using a Zeiss Axiophot
microscope and AxioCam HRc camera under plane-polarized light. The quantification of total collagen fibres was performed using Fiji (ImageJ) software. The
collagen pixels were selected with the Colour Threshold tool (hue 0–100, saturation 0–255 and brightness 230–255). Thickness of dermis was quantified by
NanoZoomer Digital Pathology software (Hamamatsu). The number of cells was
determined with ImageJ by counting nuclei in DAPI stained tissue sections.
Statistics. Statistical significance in all experiments was calculated by Student’s
t-test. Data are represented as mean ± s.e.m. (error bars). GraphPad Prism was
used for calculation and illustration of graphs.
Reporting summary. Further information on experimental design is available in
the the Nature Research Reporting Summary linked to this paper.
Data availability. All experimental data generated and/or analysed during this
study are included in this published article (and its Supplementary Information
files). In addition, ribosome profiling data (accession number GSE94385) and
RNA-seq data (accession number GSE106246) are available in GEO.
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Extended Data Fig. 1 | Pelo is expressed in all skin cell subpopulations
and knockout of Hbs1l leads to mild dermal phenotype. a, b, Pelo and
Hbs1l are ubiquitously expressed in all cell populations of embryonic and
neonatal skin. mRNA expression data obtained from hair and skin gene
expression library (Hair-GEL; http://www.hair-gel.net). c, Schematic
of Hbs1l knockout first allele. d, Immunolabelling of tail epidermal
wholemounts with antibodies against Krt14, Krt15, Lrig1 and FASN.
e, Tail skin sections immunolabelled for Ki67, showing no significant
change in the distribution of Ki67+ cells in Hbs1l−/− epidermis. f, H&E

staining of adult control and Hbs1l−/− tail skin. g, Herovici’s polychrome
staining to visualize immature (blue) and mature (pink) dermal collagen.
h, Picrosirius staining of tail skin showing the birefringence of collagen
fibres against a black background. i, Immunostaining of tail skin
sections with pan-keratin (PanKrt) and vimentin (Vim) antibodies.
j–m, Quantification of dermal thickness (j), dermal cell density (k),
dermal cellularity (l) and total collagen deposition (m). Dashed lines
mark epidermal–dermal boundary. Scale bars, 100 μm. *P = 0.0286 (j, m).
n = 12 sections analysed over four mice per group.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

RESEARCH Letter

Extended Data Fig. 2 | Delayed wound closure in Pelo null epidermis.
a, Histology of skin 10 days post wound (dpw) shows delayed wound
closure in PeloepiKO mice. b, c, EdU staining of 10 dpw skin shows reduced
proliferation in the wound bed. Itgα6 staining demarcates dermal–
epidermal boundary. Box indicates the wound bed. d, Histology of 5 dpw
wound shows altered epidermal architecture. e, f, EdU labelling of 5 dpw
skin shows reduced proliferation at wound edge. g, h, Immunostaining

of Krt14 and Krt10 in 10 and 5 dpw skin shows abnormal differentiation
in PeloepiKO mice (arrows). i, TdTomato genetic labelling shows the
contribution of Lrig1, Lgr5 and Lgr6 progeny in tail wound healing. Note
altered migration of Lrig1 cells in Pelofl/flLrig1CreERT tdTomato mice when
compared to Lgr5 and Lgr6 on Pelo deletion. *P = 0.0123 (c), *P = 0.0330
(e); n = 9 sections analysed over 3 mice per group. Scale bars, 100 μm.
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Extended Data Fig. 3 | Pelo deletion leads to progressive hair follicle
and sebaceous gland abnormalities. a–c, Confocal images of tail
epidermal wholemounts immunostained for Krt14, hair follicle bulge
markers CD34 and Krt15, sebocyte maturation marker fatty acid synthase
(FASN) and junctional zone stem cell marker Lrig1 show progressive

changes in hair follicle and sebaceous gland structure from P16 to P120
in PeloepiKO mice. Note that the FASN staining in P84 and P120 PeloepiKO
epidermis is non-specific owing to highly keratinized hair follicles.
Asterisks in b indicate non-specific staining of sebaceous glands. Scale
bars, 100 μm.
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Extended Data Fig. 4 | Postnatal epidermal Pelo deletion impairs
barrier function and wound healing. a, b, Breeding scheme and topical
4-OHT treatment regimen. c, Representative Pelofl/flKrt14CreERT mouse
showing skin lesions (dashed area) in 4-OHT-treated dorsal skin. d, TEWL
is increased in 4-OHT-treated skin of Pelofl/flKrt14CreERT mice. e, Rate
of wound closure. f, Tail epidermal wholemounts immunostained with
Krt14 and Krt15 antibodies showing altered sebaceous gland architecture
(arrows) in 4-OHT-treated Pelofl/flKrt14CreERT mice. g, Tail epidermal
wholemounts from TdTomato (red) genetically labelled Pelofl/flKrt14CreERT

mice show keratinized cysts in hair follicles (arrows). h, Cumulative
mean values of gene expression obtained from ribosome profiling show
downregulation of markers of sebaceous gland differentiation and increase
in Myc. i, Tail epidermal wholemounts showing altered expression of
FASN, Scd1 and Lrig1 (arrows) in sebaceous glands of 4-OHT-treated
Pelofl/flKrt14CreERT mice (middle and right). Dashed lines indicate
pilosebaceous units. Scale bars, 100 μm. **P = 0.0072, *P = 0.0650, ns, not
significant. n = 3 in treated and untreated control groups.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Knockdown of PELO in human keratinocytes
phenocopies mouse epidermal phenotype and proliferation difference
in mice lacking Pelo in Lrig1+, Lgr5+ and Lgr6+ stem cells. a–d, PELO
knockdown validation. a, qRT–PCR for individual siRNAs transfected in
human primary keratinocytes. b, Clonal growth. c, d, Colony number and
average size of individual colonies. e–g, Clonal growth of keratinocytes,
comparing pooled PELO siRNA knockdown (PELOsiRNA) and scrambled
(Scr) control. h–l, Effect of PELO knockdown in human epidermal
reconstitution assay on decellularized dermis. h, i, Epidermal thickness of
de-epidermized dermis (DED) cultures is significantly increased
on PELO knockdown. j–l, Immunolabelling for Krt14 (K14), Ki67, p63

and differentiation markers Krt10 (K10) and involucrin (IVL) shows
increased number of differentiated cell layers (j) and increased
number of cells expressing Ki67 and p63 (k, l) in PELOsiRNA reconstituted
epidermis. Dashed lines indicated dermal–epidermal boundary.
m, Assessing proliferation by Ki67 and p63 labelling in dorsal IFE sections
of mice lacking Pelo in Lrig1, Lgr5 and Lgr6 stem cells. Scale bars, 100 μm.
***P = 0.0009 (a, for siRNA#10), ***P = 0.0004 (a, for siRNA#11),
**P = 0031 (a, for siRNA#12); *P = 0.0286 (c); *P = 0.0286 (d);
**P = 0.0022 (f); **P = 0.0087 (g); ****P ≤ 0.0001 (i); *P = 0.0229 for
Ki67 and *P = 0.0107 for p63 (l). n = 2 independent transfections; n = 3
dishes (a–g) and n = 2 sections of reconstituted epidermis (h, l).
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Extended Data Fig. 6 | Lrig1+ stem cells account for Pelo mutant
epidermal phenotype. a, Tail epidermal wholemounts labelled with Krt14
and Ki67 antibodies, showing increased proliferation and alterations to the
junctional zone (asterisks) and sebaceous glands (arrow) in Pelofl/fl
Lrig1CreERT2 mice. b, Cross-section of dorsal skin stained for EdU shows
increased proliferation and alterations in hair follicle infundibulum
structure (arrow) in Pelofl/flLrig1CreERT2 mice. c–e, Confocal images of tail
epidermal wholemounts (c, e) and dorsal skin sections (d) of tdTomato

labelled Pelofl/flLrig1CreERT2, Pelofl/flLgr5CreERT2 and Pelofl/flLgr6CreERT2 mice.
c, d, Expansion of tdTomato-labelled Lrig1 (arrows) but not Lgr5 or Lgr6
progeny upon Pelo deletion. e, f, Increase in proliferation (Ki67 labelling)
of Lrig1+ (arrows) but not Lgr5+ and Lgr6+ populations. Scale bars, 100 μm.
*P = 0.0047 (f). n = 9 wholemounts analysed over 3 mice per group. All
mice were in telogen of the hair cycle (2–3 months old) when treated
with 4-OHT. Treatment regime and harvest of tissue were as indicated in
Fig. 2c. Dashed lines mark epidermal–dermal boundary.
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Extended Data Fig. 7 | Pelo knockout epidermal cells do not accumulate
3′ UTR footprints. a, b, Empiric cumulative distribution plots of relative
3′ UTR ribosome occupancy for all transcripts (a) or those with at

least one read mapped to the 3′ UTR (b). c–e, Gene Ontology of genes
differentially expressed in Pelo-null epidermis. Functional, component and
process categories of genes enriched in PeloepiKO mice.
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Extended Data Fig. 8 | Computational analysis of differentially
regulated pathways between control and PeloepiKO and comparison
of molecular signatures in PeloepiKO and Gtpbp2-deficient brain.
a, Number of genes that were differentially expressed in PeloepiKO and
control epidermis and their associated functions. b, c, Ingenuity Pathway
Analysis showing changes in mTOR pathway genes in PeloepiKO versus

control epidermis (b) and their predicted molecular activities (c). d, Venn
diagram shows common differentially expressed genes in our study and
that of Ishimura et al.8 when comparing control and mutant mice. The 314
overlapping genes are enriched in top canonical pathways that are highly
related to translation.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Pelo epidermal deletion results in increased
protein synthesis and basal stem cell size and rapamycin treatment
reduces proliferation of Pelo-null epidermis. a, Gating strategy for
measurement of OP-P incorporation into cell populations. b, c, Confocal
images of tail and ear epidermal wholemounts immunolabelled for Krt14
and P-cadherin (P-Cad), showing IFE basal cells. d, e, Representative
flow cytometric dot plot showing increased cell size (FSC-A) of Itgα6high
cells and altered S and G2/M cell cycle phases in PeloepiKO epidermis.
f, g, Breeding scheme and rapamycin treatment regimen. h, Immunolabelling
of tail epidermal wholemounts with Krt14 and Ki67 antibodies shows
reduced proliferation in rapamycin-treated mice compared to vehicletreated group. Note that there was no significant change in epidermal
proliferation of control mice treated with rapamycin when compared to
vehicle-treated mice. i, j, Cross-sections of IFE from PeloepiKO and control
back skin immunolabelled with Krt14 and Ki67 antibodies, showing
significant reduction in Ki67+ and suprabasal Krt14+ cells in rapamycin-

treated compared to vehicle-treated mice. k, Cross-sections of IFE from
control and PeloepiKO back skin immunolabelled with Krt14 and pS6K
antibodies showing marked increase in pS6K labelling, indicating mTOR
hyperactivation in vehicle-treated PeloepiKO skin. l, Cross-sections of
IFE of control and Pelofl/flKrt14CreERT mice (with simultaneous 4-OHT
and rapamycin treatment) immunolabelled for Krt14 and EdU showing
significant reduction in EdU+ and suprabasal Krt14+ cells in rapamycintreated compared to vehicle-treated mice. m, Cross-sections of IFE of
control and Pelofl/flKrt14CreERT mice (with simultaneous 4-OHT and
rapamycin treatment) immunolabelled for Krt14 and p4EBP antibodies.
Note reduced pS6K labelling (k) and p4EBP1 (m) in rapamycin-treated
epidermis. Greyscale images for pS6K are shown below merged images.
Scale bars, 100 μm. *P = 0.0132 (j), n. s., non significant. n = 9 sections
analysed over 3 mice per group. Dashed lines mark epidermal–dermal
boundary.
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Extended Data Fig. 10 | RNA-seq of Lrig1+, Lgr5+ and Lgr6+ cells
reveals Lgr5 as a transcriptionally unique subpopulation and subtle
changes in transcription in all subpopulations when Pelo is deleted.
a, Schematic illustration of the EGFPhigh sorting and RNA-seq strategy for
control and Pelo-deleted subpopulations using Pelofl/flLrig1EGFP-CreERT2,
Pelofl/flLgr5EGFP-CreERT2 and Pelofl/flLgr6EGFP-CreERT2 mice. b, Principal
component analysis of RNA-seq data shows that the Lgr5 subpopulation
is remarkably different from the other two. Note that there is no major
change in the clusters when Pelo is deleted in any of the subpopulations.
c, Hierarchical clustering of the subpopulations corroborates minimal
transcriptional changes between control and Mut mice, revealing two

major clusters, one for Lgr5 and another for Lrig1 and Lgr6. d, Venn
diagram illustrating the differentially expressed genes in common among
the three subpopulations when comparing control and mutant cells.
e–g, Top differentially regulated transcription factors between control
and Pelofl/flLrig1EGFP-CreERT2 (e), Pelofl/flLgr5EGFP-CreERT2 (f) and Pelofl/fl
Lgr6EGFP-CreERT2(g) subpopulations. h–j, Top differentially regulated
canonical pathways between control and Pelofl/flLrig1EGFP-CreERT2 (h), Pelofl/fl
Lgr5EGFP-CreERT2 (i) and Pelofl/flLgr6EGFP-CreERT2 (j) subpopulations.
k, Schematic of skin showing location of marker expression and the
various transgenic mice used in this study.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Initial submission

Revised version

Final submission

Life Sciences Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.
For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

`

Experimental design

1. Sample size
Describe how sample size was determined.

No statistical method was used to predetermine sample size. When possible, the
sample size was determined from preliminary experiments. In accordance with the
local animal ethics policies the experiments were designed to use the smallest
number of mice needed to obtain the requested data.
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2. Data exclusions
Describe any data exclusions.

No exclusion was applied.

3. Replication
Describe whether the experimental findings were
reliably reproduced.

Yes

4. Randomization
Describe how samples/organisms/participants were
allocated into experimental groups.

After genotyping, mice were assigned randomly to experimental groups.

5. Blinding
Describe whether the investigators were blinded to
group allocation during data collection and/or analysis.

The investigators were blinded during polysome profiling and wounding
experiments.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6. Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly
A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars

June 2017

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

See the web collection on statistics for biologists for further resources and guidance.
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Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this
study.

Graphpad PRISM was used for statistical analysis. Image data were analyzed using
Image J/ Fijis software. Galaxy software was used to align the fastq files of the RNAseq and the subsequent data analysis was done in R.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.
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Materials and reagents

Policy information about availability of materials

8. Materials availability
Indicate whether there are restrictions on availability of
unique materials or if these materials are only available
for distribution by a for-profit company.

No restrictions.

9. Antibodies
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`

Describe the antibodies used and how they were validated In-house and commercially available antibodies were used (below).
for use in the system under study (i.e. assay and species). chicken anti-Krt14 (Covance, SIG2376, 1:500), mouse anti-Krt14 (LL002, in house,
1:200); directly conjugated (AlexaFluor 488) Krt15 (LHK-15, in-house, 1:50); human
anti-p63 (SCBT, sc367333, 1:100); rabbit anti-filaggrin (Covance, PRB-417P, 1:100);
mouse anti-FASN (SCBT, sc48357, 1:100); rabbit anti-Ki67 (Novocastra, NCL-Ki67p,
1:500); rabbit anti-Ki67 (abcam, ab16667, 1:500); rabbit anti- Phospho-S6
Ribosomal Protein (Ser235/236) (pS6K, Cell signaling, 2211, 1:200); rabbit anti-PCadherin (Cell signaling, 2130, 1:200); rabbit anti-Vimentin (Cell signaling, 5741s,
1:500); rabbit anti-K10 (Covance, PRB-159P, 1:500); FITC conjugated rat anti-CD49f
(Integrin α6, Biolegend, 313606, 1:100); goat anti-Lrig1 (R&D Systems, FAB3688G,
1:200); rabbit anti-Scd1 (Cell signaling, 2794s, 1:500); mouse anti-involucrin (SY5,
in-house, 1:500) mouse anti-Pankeratin (abcam, ab8068, 1:200);rat anti-CD34
(RAM34, Thermo Fisher, 14-0341-82, 1:200); Rabbit anti-Phospho-4EBP1
(Thr37/46) (Cell Signalling, 236B4, 1:500).

10. Eukaryotic cell lines

`

a. State the source of each eukaryotic cell line used.

N. A (Only primary cells were used for the experiments - mentioned in the methods
section)

b. Describe the method of cell line authentication used.

N. A

c. Report whether the cell lines were tested for
mycoplasma contamination.

Mycoplasma test was carried out for the primary cells as per cell culture routine
procedures before conducting any experiment. Not mentioned in the text.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

N. A

Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived
materials used in the study.

Reported in Methods section under "Mouse Strains"

12. Description of human research participants
Describe the covariate-relevant population
characteristics of the human research participants.

N. A
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`

Data presentation

For all flow cytometry data, confirm that:
1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
2. 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).
3. All plots are contour plots with outliers or pseudocolor plots.
4. A numerical value for number of cells or percentage (with statistics) is provided.

`

Methodological details

5. Describe the sample preparation.

Epidermal cells from 3 months old or from 3 days old mice were isolated.
Epidermis was enzymatically separated from dermis with thermolysin
(Sigma, 0.25mg/mL in PBS) overnight at 4°C. Epidermal sheets were
processed into single cell suspensions by incubation in DMEM (Gibco)
containing DNAse (Sigma, 250 μg/mL) for 20 min at 37°C with shaking.
Single cells were labelled according to standard procedures with Live-dead
fixable dye or DAPI, and with anti-CD49f PE-Cy7(Integrin α6) antibody.
The staining for detection of global protein synthesis was performed
according to the manufacturer instructions (Click-iT Plus OPP Protein
Synthesis Assay Kit; Thermofisher Scientific). Samples from PBS-injected
mice were also stained for detection of protein synthesis and the
fluorescence signal was used to determine background labelling.

6. Identify the instrument used for data collection.

Data were acquired on BD LSR Fortessa™ cell analysers (BD Biosciences)
or FACS AriaII Cell Sorters (BD Biosciences).

7. Describe the software used to collect and analyze
the flow cytometry data.

FACSDIVA software is used for acquisition and data were analyzed with
FlowJo software.

8. Describe the abundance of the relevant cell
populations within post-sort fractions.

Sorted samples were >98% pure

9. Describe the gating strategy used.

Epidermal stem cells were gated on FSC/ SSC- area and width, live (DAPIor Live-dead-), integrin alpha 6+ integrin (Figure 4e-l) or GFP+ cells (EDF
10a).
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