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Résumeé

L’épiderme est la premiere barriere de protection des organismes vivants contre des attaques
extérieures. Il est constamment renouvelé au cours de la vie, via un processus appelé « homeostasie »,
qui assure que chaque cellule perdue a sa surface soit remplacée par de nouvelles. Des études
récentes ont montré que cet équilibre était assuré par une hiérarchie de cellules souches (CS) et de
progéniteurs qui réalisent 3 types de divisions cellulaires, chaque type de division ayant une
probabilité fixe. Bien que I'épiderme ait été intensivement étudié durant I'’homeostasie, peu de choses
sont connues concernant la dynamique cellulaire prenant place lors de phénomeénes ou I’épiderme
doit grandir. Ces probabilités de division sont-elles immuables ou peuvent-elles au contraire
changer ? Dans ce projet, nous nous sommes intéressés a deux conditions d’expansion de

I’épiderme : la croissance post-natale et la cicatrisation des plaies.

En utilisant 1'épiderme de la queue de souris comme modeéle, nous montrons que la ré-
épithélialisation d'une plaie est réalisée via la formation de deux compartiments cellulaires
transitoires distincts spatialement et du point de vue moléculaire : un front de migration et un centre
prolifératif. Nous montrons que les cellules du front de migration ont une signature
transcriptionnelle spécifique qui est indépendante de leur état de quiescence et proposons de
nouveaux marqueurs non décrits auparavant. En utilisant la technique du « lineage tracing », couplée
a une analyse clonale et a de la modélisation mathématique, nous mettons en évidence la dynamique
de prolifération des CS et des progéniteurs lors de la cicatrisation. Nous montrons que différentes
populations de cellules résidant dans des compartiments différents, I'infundibulum du follicule
pileux et I’épiderme interfolliculaire, acquiérent une dynamique similaire et ré-activent leur CS tandis
que les progéniteurs augmentent leur taux de prolifération sans changer leur probabilité de division.
Cette dynamique de prolifération similaire dans deux compartiments de I’épiderme suggere que les

probabilités de divisions ne sont pas dictées par la cellule d’origine.

De facon intéressante, la dynamique cellulaire est par contre différente durant la croissance
post-natale. En utilisant le lineage tracing, ’analyse clonale et des analyses transcriptionnelles sur
cellule unique, nous démontrons que I’épiderme post-natal est composé d’une population homogéne
de progéniteurs équipotents qui présentent un constant déséquilibre envers des divisions d’auto-
renouvelement et un taux de prolifération décroissant, assurant une croissance harmonieuse de
I’épiderme. En revanche, les cellules basales de I’épiderme adulte montrent une plus grande
hétérogénéité moléculaire et cet hétérogénéité est acquise progressivement a la fin de la croissance.
Enfin, en couplant des mesures in vivo et des expériences de micro-patterning in vitro, nous montrons
que I'orientation de la division cellulaire des progéniteurs équipotents est localement influencée par
I'alignement des fibres de collagene du derme sous-jacent. Ces données suggerent que la spécification
des CS survient tardivement au cours du développement post-natal et que la dynamique de

prolifération n’est pas immuable et pourraient donc étre influencée par des facteurs extrinseques.



Abstract

The epidermis is the first barrier of protection of living organisms against external
attacks. It is constantly renewed throughout life, through a process called "homeostasis",
which ensures that every cell lost on its surface is replaced by new ones. Recent studies
have shown that this balance is ensured by a hierarchy of stem cells (SC) and progenitors
that perform 3 types of cell divisions, each having a fixed probability. Although the
epidermis has been extensively studied during homeostasis, little is known about the
cellular dynamics taking place when the epidermis must expand its surface. Are these
probabilities of division immutable or can they change? In this project, we focused on two
conditions of epidermal expansion: post-natal growth and wound healing.

Using the mouse tail epidermis as a model, we show that the re-epithelialization
after a wound is achieved via the formation of two transient compartments that are spatially
and molecularly distinct : a leading edge and a proliferative hub. We show that the leading
edge cells have a specific transcriptional signature that is independent of their quiescent
state and we propose new markers not previously described. Using the technique of "lineage
tracing", coupled with clonal analysis and mathematical modeling, we highlight the
proliferation dynamics of SCs and progenitors during healing. We show that different
populations of cells residing in different compartments, the hair follicle infundibulum and
the interfollicular epidermis, acquire a similar dynamics and re-activate their SC while the
progenitors increase their rate of proliferation without changing their division probabilities.
This similar proliferation dynamics in two compartments of the epidermis suggests that
division probabilities are not dictated by the cell of origin.

Interestingly, cell dynamics is different during postnatal growth. Using lineage
tracing, clonal analysis and single-cell transcriptional analysis, we demonstrate that the
post-natal epidermis is composed of a homogeneous population of equipotent progenitors
which ensure a harmonious tissue growth through a constant imbalance towards self-
renewing divisions and an ever decreasing proliferation rate. On the other hand, we show
that basal cells in the adult epidermis display a greater molecular heterogeneity and that
this heterogeneity is acquired progressively at the end of growth. Finally, by coupling in vivo
measurements and in vitro micro-patterning experiments, we show that the orientation of
cell division of equipotent progenitors is locally influenced by the alignment of the collagen
fibers of the underlying dermis. These data suggest that SC specification occurs late in
postnatal development and that proliferation dynamics are not immutable and could

therefore be influenced by extrinsic factors.
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Figure 1. The structure of the skin. The skin is composed of the epidermis and the dermis. Epi-
dermis is mainly composed of keratinocytes stacked in 4 layers : basal, spinous, granular and the
stratum corneum. Immune cells such as Langerhans cells or DETCs are also present inside the epi-
dermis. The dermis is composed of fibroblasts segregated in two layers, the upper papillary der-
mis and the lower reticular dermis, and a lower layer of adipocytes that form the DWAT. The HF
crosses the epidermis and the dermis. It is composed of a bulge and a matrix zone, and is connec-
ted to its sebaceous glands through the junctional zone and to the IFE through the infundibulum.
The arrector pili muscle ensures the hair movement. The dermis also contains blood vessels,
sensory nerves and is populated by immune cells such as T cells, Mast cells or Dendritic cells. The
IFE and the HF also contains Melanocytes. Adapted from Hsu et al., Nature Medicine, 2014.



2 INTRODUCTION

2.1 THE SKIN

2.1.1 Role and Structure

Skin is an essential barrier that covers the whole body, protects it from external
infection, UV irradiation, dehydration and provide sensory perception'. In mammals,
itis composed of 2 layers of tissue separated by a basement membrane (BM) or basal
lamina : the epidermis and the underlying dermis (Figure 1). The dermis is composed
of an upper (papillary) and a lower (reticular) layer’. The epidermis, the outermost
layer of the skin, is a pluri-stratified epithelium made of keratinocytes which form
an impermeable barrier’. The epidermis contains pilo-sebaceaous units that act as
sensors and insulators, are composed of a hair follicle (HF) and their associated
sebaceous glands (SG), and are connected to the interfollicular epidermis (IFE) by the
infundibulum. The skin epidermis also contains sweat glands to regulate the body
temperature by perspiration. Beside keratinocytes, other cell types also populate the
epidermis. Melanocytes produce skin pigments for UV protection and immune cells
such as Langerhans cells or Dendritic Epidermal y6 T cells (DETCs) act as sentinels
to protect the epidermis'. The dermis is composed of fibroblasts that secrete
collagen and extracellular matrix (ECM)'“. It also contains specialized fibroblasts
form the HF dermal papilla, which regulates hair follicle growth and the erector pili
muscle, responsible for pilo-erection. The deeper layer of the dermis is made of
adipocytes that form the dermal white adipose tissue (DWAT)°. The dermis is also
populated by immune cells such as mast cells, dendritic cells and T cells that act as
sentinels. Finally, the dermis contains blood vessels which ensure the proper gas
exchange and provide nutrients to the tissues and sensory nerves that mediate

sensory perception'.



= — = - N Stratum
— corneum
=7 00 § B *‘ ST S S Ty, |
=k - D.ﬁermt.a;f e el
= 4 i layer
— Spinous
layer
Jagged2 ‘P ' ‘f { ’
, (A $ | @ |
[ ‘ . ; - Basal layer
ofy | ' q) K5 * (b
6B4 (X) K'|4+ J N | |
| | |
P Y YN e
— membrane
Laminin-5 —— Dermis

Figure 2. The structure of the interfollicular epidermis. The IFE is composed of 4 layers : basal,
spinous and granular layers and the stratum corneum. Keratinocytes localized in the basal layer
express K5 and K14 and are anchored to the basement membrane through integrins (a31, a6p4)
which binds ECM component such as lam5. They also interact with suprabasal cells by secreting
ligands implicated in signaling pathways, such as the Notch pathway. Basal keratinocytes sustain
the IFE through cell divisions. When keratinocytes enter in differentiation, they loose their ability
to divide, leave the basal layer and start to express differentiation markers such as K1, K10 and
later Inv. They finally finish their differentiation process in the stratum corneum which is made of
dead squames. Adapted from Hsu et al., Nature Medicine, 2014.



2.2 THE INTERFOLLICULAR EPIDERMIS

2.2.1 Structure

The IFE is a stratified epithelium and constitutes the first barrier protecting
the animals from their environment (Figure 2). It is mainly composed of
keratinocytes but other cell types such as the melanocytes, Langerhans cells, DETCs
also reside in this epithelium'. As major building blocks of this tissue, the
keratinocytes display high expression of intermediate filament cytokeratins, which
confer mechanical resistance to the cells and are major components of the
cytoskeletal structure. The innermost layer of keratinocytes, called the basal layer,
composed of stem cells (SC) and undifferentiated progenitors, expresses keratins 5
and 14 (K5, K14) (Figure 2). It is the only proliferative layer and therefore supports
the replenishment of the whole tissue. After cell division in the basal layer, daughter
cells move upward in the suprabasal layers of IFE and enter into differentiation. In
the spinous layer, they lose their ability to proliferate, change their transcriptional
activity and start to express other keratins such as K1 and K10, as well as Involucrin
(Inv). Constantly pushed upward by new cells generated underneath, they continue
to differentiate in the granular layer where they start to express Filaggrin (Fil) and
Loricrin (Lor) and acquire a cornified envelope, a feature essential for the
establishment of the skin barrier. Terminaly differentiated keratinocytes finish their
differentiation process in the outermost layer, the stratum corneum where they are

enucleated and shed as squames'?.

The interfollicular epidermis is crucial to maintain body fluids in and
pathogens out. To achieve this role of barrier, cells are anchored to the dermis
through hemidesmosomes and Focal Adhesion (FA), and to each other through
different cell junctions (Figure 3A). Hemidesmosomes are stable and robust
junctions (Figure 3B, left). They are complex of proteins, including the
transmembrane proteins a684 integrins which interact directly with extra-cellular
matrix (ECM) component such as laminin 5 (Lam5), and indirectly with keratin
cytoskeleton of the cells (Figure 3B, left). Mutations affecting intermediate filaments
such as K14/K5 or hemidesmosomes are the cause of skin disorders termed

Epidermolysis Bullosa (EB), characterized by blistering and skin fragility,
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Figure 3. Cell junctions in the epidermis. (A) Spatial distribution of cell junctions and cyto-
skeleton in epidermis. Basal keratinocytes are connected to the basement membrane through
Focal adhesion and hemidesmosomes. Basal and spinous keratinocytes are connected to each
other through Adherens Junctions and Desmosomes. The spatial distribution of the proteins
that constitute these two cell-cell junctions is also showed (right). Granular keratinocytes pre-
sent Tight Junctions. Adapted from Riibsam et al., Cold Spring Harbor Perspectives in Biology,
2018. (B) Molecular composition of hemidesmosomes (left) and focal adhesion (right) in basal
keratinocytes. Tsuruta et al., Journal of Dermatological Science, 2011.(C-D) Molecular compo-
sition of Adherens Junctions (C) and Desmosomes (D) in keratinocytes. Riibsam et al., Cold
Spring Harbor Perspectives in Biology, 2018. (E) Molecular composition of Tight junctions, from
Niessen, Journal of Investigative Dermatology, 2007. (F) Structural composition of Gap junctions,
from Goodenough & Paul, Cold Spring Harbor Perspectives in Biology, 2009.




highlighting the importance of these proteins for skin integrity®’. FA are large multi-
protein assembly made of other integrins heterodimers such as a2B1, a3B1, a5p1
and connect the actin cytoskeleton of the cells with various matrix ligands outside
the cells such as fibronectin, laminin and collagen (Figure 3B, right). FA are highly
dynamics and important for cell motility and migration. More than providing the
anchorage of the cells, focal adhesion are also involved in inside-out and outside-in

signaling’.

Basal and spinous keratinocytes are also connected to each other through cell-
cell junctions: Adherens Junctions (AJ) and desmosomes. AJ are made by protein
complexes such as transmembrane cadherin proteins (mainly E-cadherin) connected
inside the cells to cytoskeletal actin filaments through B-catenin and a-catenin
(Figure 3C). AJ] mediates cell-cell adhesion, regulates the organization of the actin
cytoskeleton and constitutes a hub for cell signaling®. Desmosomes are made of the
transmembrane cadherin proteins, Desmocollin (Dsc) and Desmoglein (Dsg), which
are connected to the cytokeratin intermediate filaments through plakophilin,
plakoglobin and desmoplakin (Figure 3D). Desmosomes are essential to maintain the
function and the structural integrity of the epidermis. A third type of cell-cell
junctions, the Tight Junctions (T]), is expressed in the apical part of suprabasal
keratinocytes located in the granular layer (Figure 3E). TJ are composed of two
families of transmembrane proteins, Occludin and Claudin, which bind actin
cytoskeleton through Zonula Occludens (ZO) proteins®. The role of the TJ is to
ensure a tight adhesion between cells®. Finally, Gap Junctions are also present at the
surface of epidermal cells and support the intercellular communication'’ (Figure 3F).
Gap junctions are made of intramembranous proteins, the connexins, organized in
hexamers. Two hexamers from two neighbor cells form an intercellular channel
through which ions and small molecules can transit, making these signaling
molecules available for all cells within the tissue. The main connexins present in the
skin epidermis are the connexin 43 (Cx43/Gjal), 26 (Cx26/Gjb2) and 30 (Cx30/Gjb6).
Underlying their importance is cell communication for organ function, mutation of

Cx26 or Cx30 are responsible for profound deafness and skin disorder in human'.
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Figure 4. Stratification of the epidermis during embryonic development. At E8.5, the surface
ectoderm surrounding the embryo is made of one single layer of cells expressing K8/18 and
dividing parallel to the BM. Around E9.5, basal cells acquire an epidermal fate and express K5/K14.
Until E11.5-E12.5, most of the cell division are still parallel to the BM producing only basal cells.

At E14.5, basal keratinocytes start to divide perpendicularily to the BM, leading to the formation
of an intermediate layer which express K1/K10 around E15.5. From E14.5 to E18.5, most of the

cell division are perpendicular to the BM and lead to the rapid establishment of the epidermal
suprabasal layers. After birth, most of the cell division are again parallel to the BM. Adapted from
Roshan and Jones, Seminars in Cell & Developmental Biology, 201 2.



2.2.2 Embryonic development and stratification

The establishment of the IFE layers is a complex and highly coordinated
program that takes place during embryogenesis (Figure 4). In mice, this program
occurs between embryonic day 9.5 (E9.5) and E18.5. Before E9.5, surface ectoderm
cells are uncommitted and express K8 and K18. At E10.5, they acquire an epidermal
fate and the prospective epidermis is composed of a single layer of keratinocytes
that express basal markers such as K5 and K14 2. At E12.5, a large majority of cell
divisions (92%) are oriented parallel to the basement membrane, resulting in the
generation of two basal daughter cells. Around E14.5, by contrast, most of the cell
divisions (70%) have their spindle poles oriented perpendicular to the basement
membrane, generating suprabasal daughter cells that start to express K1 and K10,
Proper perpendicular division is dependent on cell-matrix and cell-cell interactions
as disruption of FA (through B1 integrin knock-out) or AJ (through a-catenin knock-
out) randomize division orientation'. This switch toward perpendicular cell division
is a key step for epidermis stratification as it generates daughter cells that are not
connected anymore to the basal lamina and acquire a suprabasal fate through
asymmetrical partitioning of intracellular factors. This partitioning is controlled by
two important complexes that are well conserved from worm to mammals : the Par
complex (comprising Par3, Par6 and aPKC) which is a master polarity determinant
and a complex that controls spindle orientation (LGN/Numa/Dctnl)". In mice
embryonic skin, downregulation of LGN, Numa or Dctnl decreases the proportion
of perpendicular division at E16.5 and prevent the proper stratification of the
epidermis, leading to a thin and permeable epidermis at birth '°. Interestingly,
perpendicular divisions are specific to embryonic development and are very rare in
adult epidermis®. Recent live-imaging studies performed on E15.5 mouse embryos
suggest that the contraction of basal cells due to overcrowding may also have a role

in stratification and epidermal cell differentiation'’.

In postnatal and adult epidermis, by contrast, orientation of cell division are
uncoupled from cell fate as most of the division are parallel or oblique to the basal
lamina. In this case, daughter cells start their differentiation program in the basal

layer and move later on into the suprabasal layers through delamination'*'®. This

6



\_ __‘____/

|
Jagged or Delta
Notch

Active Notch1 o ‘wsmrabasal layer
(NICD1) o B 3 Basal layer

/ADAM protease - e e e a» «=—Nesenchymal cells

y -secretase ” . *—Spmous layer
. ,\ o— Basal layer

\ i ft ot ol
NICD

CoR CoA
RBPJ/K —

Notch target genes Notch target genes
OFF

Figure 5. The Notch signaling pathway. (A) Molecular components of the canonical Notch
signaling pathway. Ligands from Jagged or Delta family bind the Notch receptor and activate

the pathway. After ligand binding, the NICD is cleaved by the ADAM protease and a y-secretase
and translocates into the nucleus where it associates with the DNA-binding protein RBPJ/K and
activates target genes transcription. (B) Notchl signaling is active during epidermis development
in basal and suprabasal cells while it is only active in the suprabasal cells after birth. Notchl
signaling restricts basal fate and promotes differentiation in epidermis. Adapted from Blanpain
and Fuchs, Annual Review of Cell and Developmental Biology, 2006.



upward movement is thought to be due to a combined loss of cell-matrix contact
and dynamic cell-cell junctions re-arrangement which would reduce the cortical
tension of the daughter cell compared to neighbor basal cells and initiate an upward
movement and differentiation'. Interestingly, while recent reports showed that
overcrowding triggers cell differentiation and stratification during embryogenesis'’,
other studies suggest that, to the contrary, basal cell differentiation is the trigger to
induce neighbor cell division in adult tissue®. It is possible that the mechanism differ
depending on the proliferative status of the tissue or that both mechanisms may co-

exist within the same tissue.

2.2.2.1 The role of Notch signaling in epidermis development

The control of asymmetrical division, cell fate and differentiation are key steps
in epidermis development and several studies show the importance of the Notch
signaling pathway in this process®. Notch signaling pathway is highly conserved and
implicated in cell fate decision in the entire animal kingdom?**. In mammals, the
transmembrane receptor Notch exist in 4 isoforms (Notch 1-4). Upon binding with
their transmembrane ligands Jagged (Jagl, Jag2) or Deltas (DIl1, DII3 and DIll4),
Notch receptors are sequentially cleaved by a metalloproteinase and a y-secretase to
release the active Notch IntraCellular Domain (NICD) which can translocates to the
nucleus, associate with the DNA-binding protein CBF1/RBP-]J and activates Notch
target genes transcription® (Figure 5A). Several components of Notch signaling
pathway are expressed in skin epidermis. During mouse epidermal development,
Notchl-3 and Jagl are expressed in suprabasal cells whereas DII1 and Jag2 are
expressed at the apical side of basal cells'***?*°, Notch target genes such as Hes1, and
to a lesser extend Heyl, are also expressed in majority in suprabasal cells and in
rare basal cells. Several in vivo gain (GOF) and loss of function (LOF) experiments
suggest multiple important roles of Notch signaling during embryonic development
and post-natal life. Mice having a conditional deletion of Notchl initiated at birth
present a higher proliferation rate and aberrant expression of basal markers in the
second layer, pointing a role for Notchl in the control of proliferation and
differentiation in post-natal life?. Similar epidermis hyperproliferation was also
observed postnatally in vivo after complete blocking of Notch signaling through RBP-

J ablation in a mosaic manner® or upon inactivation of y-secretase complex®. The



role of Notchl in controlling cell proliferation was further supported by in vitro
experiments showing increased expression of the cell cycle arrest Cyclin-dependent
kinase inhibitor 1A (cdknla or p21), after Notchl overexpression, a mechanism that
would occur through both a direct and indirect RBP-J dependent mechanism?*,
However, other in vivo experiments suggest a slightly different role for the Notch
signaling during embryonic development. In vivo K14-Cre mediated conditional
knock out of RBP-J or Notch1/Notch2 together showed that blocking Notch signaling
from E14.5 in skin epidermis lead to a thinner epidermis, defect in the proper
maintenance of spinous and granular layers and lower proliferation**'. These mice
die shortly after birth but grafting experiments confirm that an hyperproliferation
can be observed later on, suggesting an indirect or delayed role of Notch signaling
on proliferation in vivo or different role of Notch signaling in embryonic vs post-
natal development*?'. The absence of spinous and granular layers observed after
complete blocking of Notch signaling suggest an important role in promoting
differentiation during embryonic development. Interestingly, Hes1 KO mice partially
recapitulate RBP-J] cKO phenotype (thinner epidermis, lack of spinous layer, low
proliferation), except that the granular layer is present and even premature®. On the
other hand, forced expression of Notch signaling through overexpression of NICD
in all K14+ cells at E14.5 lead to thicker epidermis, increased spinous compartment
(K1), decreased granular compartment (Lor, Fil), but also change in basal fate and
decreased adhesion due to decreased expression of integrins (Itga6, 1, f4)*"*'. While
overexpression of Hesl in basal cells also lead to a thicker epidermis but does not
show any difference in spinous or basal fate. These data suggest that basal fate
restriction and promotion of spinous differentiation is controlled by Notch signaling
but is not Hesl dependent, contrasting with some in vitro experiments?*'. Finally,
overexpression of NICD or Hes1 in suprabasal layer support a role of Notch signaling
in both maintaining spinous fate (Hesl dependent) and promoting granular
differentiation (Hesl independent)®. Altogether, these data support the model
where Notch signaling is an important switch for the commitment of basal cells to
differentiate (Figure 5B). First, Notch signaling restrict basal cell fate by repressing
proliferation and adhesion and promote spinous differentiation through target
genes different than Hes1. Second, through Hes1, Notch signaling maintains spinous

fate and block granular differentiation. Finally, when Hes1 is downregulated, Notch
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signaling also promote granular differentiation. In line with these results, it was
suggested that embryonic asymmetrical division promote stratification by

enhancing Notch signaling in the suprabasal cells*.

2.2.2.2 The role of Wnt signaling in proliferation and HF SC maintenance

The Wnt/B-catenin signaling pathway is conserved throughout eukaryotes and
plays important role in multiple tissues from embryonic to post-natal
development**. Wnt ligands, a family of cysteine-rich secreted glycoproteins,
interact with cell surface receptors of the Frizzeled (FZD) family and LDL-related
protein (LRP) receptors, and lead to the intracellular stabilization of B-catenin (B-cat)
(Figure 6). In absence of Wnt ligand, Frizzeled and LRP receptors are inactive and f-
cat is recruited to a destruction complex composed of several proteins including
Adenomatous polyposis coli (APC), Disheveld (Dsv) and Axin. B-cat is then
phosphorylated by two kinases of this complex, caseine kinase-1 (CK1) and glycogen
synthase kinase-3 (GSK-3), recognized by the E3 ubiquitin ligase (B-TrCP) and
transported to the proteasome for degradation (Figure 6A). Activation of the
pathway occurs when a Wnt ligand binds both FZD and LRP, which trigger the
phosphorylation of the latter and enables, through Dsv, the recruitment of the
destruction complex to the cell membrane. While the complex can still
phosphorylate B-cat, it is no longer accessible for B-TrCP and free B-cat starts to
accumulate in the cytoplasm and translocates in the nucleus. There, g-cat replaces a
transcriptional repressor, Groucho, and interacts with transcription factors (TF)
such as T-Cell Factor (TCFs) and Lymphoid Enhancer Factor (LEFs) to recruit
transcriptional co-activators and histone modifiers and initiate gene transcription
(reviewed in ref*?). Wnt/B-cat signaling can be modulated through a variety of
antagonists secreted or membrane-associated proteins. Secreted Frizzeled-Related
Proteins (SFRPs) or Wnt Inhibitor (WIF) directly bind Wnt ligands whereas members
of the Dikkopf (DKKs) family, Sclerostin (Sost) or Sclerostin Domain Containing-1
(Sostdcl) block Wnt signaling through their interaction with LRP receptor. Wnt/B-cat
signaling can be enhanced thanks to the association of R-spondin secreted proteins
with their receptor, the leucine rich repeat containing G protein-coupled receptors
(LGRs) family, which prevent FZD and LRPs degradation and therefore prolong B-cat

stabilization?®*.
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In the mammalian epidermis, Wnt/B-cat signaling pathway plays multiple
roles in HF morphogenesis, HF stem cells specification and hair shaft differentiation.
Conditional deletion of B-cat in epidermal cells at E15.5 blocks the formation of HF
placode and in postnatal development prevent the initiation of the HF
morphogenesis leading ultimately to hairless mice*. Similar hairless phenotype were
observed in mice deficient for Lefl or over expressing a Wnt inhibitor Dkk1°%?%. More
precisely, conditional deletion of B-cat post-natally lead to a decrease in proliferation
of HF matrix and loss of HF SCs markers***. By contrast, forced activation of Wnt/p-
cat signaling in transgenic mice through overexpression of Lefl or constitutive
activation of B-catenin in basal epidermal cells lead to precocious anagen re-entry,
aberrant and supernumerary formation of HF within the IFE and later to the
spontaneous development of hair tumors such as pilomatricomas**'. All these data
support the important role of Wnt/B-cat signaling in the control of matrix cells
proliferation, HF morphogenesis and maintenance. Wnt/B-cat signaling directly
controls keratinocyte differentiation within the HF as hair keratin genes possess
LEF/TCF binding sites in their upstream promoter and the highest expression of Wnt
signaling is observed in terminally differentiated cells of the cortex in the hair
shaft*“2. By contrast, quiescent bulge SCs express a high level of Wnt inhibitors such
as Sfrpl or Dkk3, downregulate Wnt3 and Wnt3a but at the same time express Wnt
receptors (Fzd2/3/7) suggesting that they keep the Wnt pathway inactive or at low
level but nevertheless can potentially react to an increased Wnt stimulation®.
Interestingly, a subset of bulge cells express the Lgr5 receptor during the resting
phase of the HF cycle, suggesting that Wnt active and inactive cells coexistence may
be important for HF maintenance*. Altogether, these data suggest a model where
Wnt/B -cat signaling impact HF SC behavior differently depending on the intensity
of its activity® (Figure 6B).

In hairy epidermis, such as backskin and tail, lineage tracing studies using
Axin2-CreER mice showed that Wnt signaling is active in basal IFE progenitors®.
Specific mosaic deletion of B-cat in AxinZ2+ IFE cells induces a decrease in their
proliferation rate®®. Similarily, in non hairy epidermis such as the footpad and the
tongue, broad deletion of B-cat or ectopic expression of the Wnt inhibitor DkkI lead

to a decrease in epidermis thickness and basal proliferation but in this case induce
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a premature differentiation®®**. These results suggest that, similarily to HF, Wnt
signaling is important to sustain basal IFE proliferation during homeostasis and may

play a different role in differentiation.

2.2.2.3 Transcription factors important for epidermis maintenance and stratification
TFs are important actors in cell fate determination. They integrate upstream
signaling and ensures the downstream regulation of gene expression*. A key TF in
epidermis development is p63 (also Tp63)*"*. P63 is a homolog of the p53 tumor
suppressor gene. P63 can present six distinct isoforms due to alternative
transcription start sites and splicing at the C-terminus leading to three trans-
activating long isoforms (TA-p63 «, B and y) and three short isoforms (AN-p63 «, B
and v)*. In human, germline mutations of TP63 have been associated with several
human syndromes presenting ectodermal dysplasia, limb malformations and
orofacial clefting®. In mice, deletion of all p63 isoforms lead to craniofacial
malformations, limb truncation and severe defect in the formation of squamous
epithelia such as skin, tongue, oesophagus, proximal stomach and the absence of
ectodermal derivatives such as teeth, HFs, mammary, lacrymal and salivary
glands* . In the skin epidermis, expression of the basal markers (K5/K14) as well
as differentiation markers (K1/K10, Inv, Fil and Lor) are low or absent in p63
deficient mice****', P63 null mice die within hours after birth and present severe
defect in skin barrier formation**®. These data show that p63 is important for
epidermal cell fate and stratified epithelia development. While ectopic expression of
both TA-p63 and AN-p63 isoforms trigger the expression of K14/K5 in vitro and
induce a squamous phenotype in the lung epithelium in vivo*** further studies
showed that only the AN-p63 isoforms is important in skin epidermis®***®, First,
despite initial confusion in the field, it appears that only the AN-p63 isoforms are
presents at the protein level both in mouse and human keratinocytes*****. Second,
specific depletion of AN-p63 (but not the TA-p63) phenocopies the p63 full deletion
phenotype observed in human keratinocytes organotypic culture in vitro and during
mouse development in vivo™*’. Third, genetic induction of AN-p63 or both «
isoforms together (but not the TA-p63a alone) can partially rescue p63 null
phenotype® 8. All these data demonstrate that most of the phenotype observed in

p63null mice in skin epidermis is attributable to AN-p63. Consistent with its role in
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the control of epidermal fate, AN-p63 protein is observed at E10.5 during skin
embryonic development, before the strong expression of K5/K14, when the
ectoderm is still a single layer of cells expressing K8/K18°**, Several experiments,
including genetic deletion of AN-p63 in mice or siRNA in human keratinocytes, show
that p63 controls the expression of important epithelial markers implicated in cell
adhesion (Itgp4, Itgp6), basement membrane formation (Lam5, Collagen IV) and
would repress directly differentiation markers>>°***%_ Importantly, p63 has also an
important role in epigenetic regulation as p63 motifs are present in enhancer
elements upstream of the K14 and K5 genes>**. Recent reports also suggest that p63
may act as a pioneer factor and cooperate with chromatin remodeler proteins to

shape enhancers and open the chromatin in epithelial cells® .

Interestingly, a direct feedback control exists between Notch and p63. Notch
signaling inhibits p63 expression and sustained activity of p63 suppresses the cell
cycle arrest and part of the differentiation program mediated by Notch, possibly
through the downregulation of Hes1%. Pharmacological and genetic inhibition of
Notch signaling promote p63 expression in human embryonic stem cells (hESCs) and
mouse embryonic skin respectively*®. These data suggest that the balance between
p63 and Notch signaling may be critical for epidermal cell fate decision, a higher
level of p63 being in favor of a basal proliferative state whereas a higher level of
Notch would favor a differentiated state. Moreover, while Hes1 is mostly expressed
in suprabasal cells, Hes1 KO mice display a lower proliferation and down regulation
of p63 in basal cells, suggesting that a non-cell autonomous signal coming from

suprabasal cells is also important to maintain proper basal proliferation®'.

C/EBPa and B are other TFs known to regulate proliferation and differentiation
in many mammalian tissues®. They are expressed in suprabasal cells of the
epidermis®*®®. Mice lacking Cebpa or Cebpb show no or only mid perturbation in
epidermis, respectively® . However, double conditional ablation of both genes in
K14+ cells lead to perinatal death due to defect in barrier formation, as shown with
dye penetration and downregulation of genes implicated in the formation of the
cornified envelope (Lor, Flg, Tgm3)*. K14-Cre/Cepba”’/Cebpb” mice also display an
hyperproliferative epidermis, ectopic expression of K14 in the suprabasal cells,

decreased expression of K1, K10 and absent expression of Inv and Lor®. These data
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suggest an important role of C/EBPa and B to repress proliferation and mediate the

loss of basal marker and the acquisition of late differentiation markers.

Other TFs are important to initiate and ensures the progression of terminal
differentiation. Among them, the Oct class of POU domain TFs : Pou2f1 (also called
Oct-1), Pou3f1 (also called Tst-1, Oct-6 or SCIP) and Pou2f3 (also called Skn-1a/i, Oct-
11 or Epoc)*. While Pou2f1 is expressed at similar level in basal and suprabasal cells,
Pou2f3 and Pou3f1 expressions are higher in epidermal suprabasal cells and overlap
with K10 expression™. In vitro, Pou3fl and Pou2f3 can repress the expression of
reporter genes placed under the control of the K14 promoter, suggesting that they
repress K14 expression, and overexpression of Pou2{f3 in keratinocytes increases
their ability to differentiate and express K107°7. In vivo, double homozygous
ablation of Pou2f3 and Pou3f1 genes lead to ectopic expression of K14 in suprabasal
cells, in grafted murine epidermis™. These data highlight the role of these TFs to

repress K14 and promote keratinocytes differentiation.

TFs from the Activator Protein 1 (AP-1) family also play important roles in
epidermis differentiation”. AP-1 are transcriptional regulators composed of
members of the DNA binding proteins Fos (Fos, FosB, Fosll/Fra-1 and Fosl2/Fra-2)
and Jun (Jun/c-Jun, JunB and JunD) families™. AP-1 act downstream of evolutionarily
conserved signaling pathways such as Mitogen-Activated Protein Kinase (MAPK),
Transforming Growth Factor beta (TGF-B) and Wnt”. Conditionnal deletion of Jun in
basal epidermal cells show that it is an important mediator of Epidermal Growth
Factor (EGF) signaling and primary keratinocytes lacking Jun display lower
proliferation rate and increased K10 expression, a marker of early differentiation™".
Interestingly, Jun and JunB have been shown to be downregulated in human
inflammatory skin disease such as psoriasis, characterized by inflamed, scaly skin
lesions’. Consistently, specific conditional ablation of Jun and JunB in K5+ cells in
adult mice lead to the formation of an abnormally thickened epidermis,
hyperkeratosis and recapitulate psoriasis like phenotype such as inflammatory
infiltrates and enlarged blood vessels’™. Deletion of Jun and JunB lead to the
increased expression of the chemokines S100a8 and S100a9, which are known to

recruit neutrophils’. These data suggest an important role for Jun and JunB to
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maintain proper balance between proliferation and differentiation and to maintain

proper epidermis integrity.

The AP-2 family of TFs is composed of 5 members : AP-2a, AP-23, AP-2y, AP-
28 and AP-2¢77. AP-2 sequence motif is found upstream of many regulatory regions
of important epidermal genes, including keratins”®. AP-2a and AP-2y are both
expressed in basal and suprabasal epidermal cells, although AP-2a has a higher
expression in basal cells®*®. Conditional deletion of AP-2a in vivo show that it
represses EGF receptor expression in suprabasal cells and basal cells commited for
differentiation suggesting an important role in the control of keratinocytes
proliferation®. AP-2a and AP-2y also act synergistically with Notch on C/EBP TF
expression to regulate basal to spinous transition®. Indeed, double conditional KO
of AP-2a and y lead to a decreased expression of early terminal differentiation genes
in the epidermis such as K1, K10, Fil and also a decreased expression of C/EBP TF
both, in vivo and in vitro*. These data suggest that AP-2a plays an important in the

switch from proliferative to differentiated cells in skin epidermis.

Members of Krupper-Like Family (KIf) are charachterized by a Zinc finger DNA-
binding domain. They are 17 mammalians proteins and several Klfs are expressed
in skin epidermis”. Among them, KIf4 has been shown to play an essential role in
epidermis development and barrier function”. Klf4 protein appears in spinous
layers around E14.5 during embryonic epidermis development and mice lacking K1f4
die early after birth due to barrier function defect, highlighting an important role
for KIf4 in IFE differentiation and barrier function acquisition®. KIf5, on the other
hand, is expressed in both basal and suprabasal cells in the epidermis in mouse and
human and may be important for basal to suprabasal cell transition®*®. KIf5 is a
direct repressor of ANp63 and its overexpression during embryogenesis leads to
skin barrier defect, abnormal K8 expression within the basal layer and defect in
proliferation®. KIf5 may also have an important role in promoting HF stem cells
differentiation, as suggested by the decrease in CD34+ fraction in adult skin upon

KIf5 overexpression®.

Among TF from the GATA family, composed of six members (Gatal to 6),

Gata3 plays key roles in skin epidermal development and lineage determination”.
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Gata3 is expressed at E15 and localized in basal and suprabasal layers of the
epidermis® . Gata3-/- mice die at birth and show a delay in barrier function
acquisition around E16.5, suggesting a positive role for Gata3 in epidermis
differentiation®**. Genes associated with lipid biosynthesis as well as epidermal
differentiation such as Lor, K10 and Inv are downregulated in Gata3 deficient mice
at E15.5 and E16.5, confirming the critical role of Gata3 in keratinocyte
differentiation®®. By contrast, grafting experiments using Gata3-/- keratinocytes or
specific deletion of Gata3 in K14+ cells show an increase in epidermis thickness®"*°.
Interestingly, genes associated with epithelial defense and recruitment of
inflammatory cells, such as S100a8 and S$100a9, are upregulated in Gata3-/-
epidermis®. The hyperproliferative epidermis observed in transplantation assays
using Gata3-/- epidermis or in KI14-Cre/Gata3” mice may therefore be a
compensatory mechanism related to the increase in inflammatory signals®?®.
Altogether, these data show that Gata3 is dispensable for skin development but
plays an important role in differentiation, barrier function and to control

inflammatory signals.

Similarily to Gata3, Grainyhead Like transcription factor 3 (Grhl3) has been
shown to be important for skin barrier acquisition”. Grhl3 is expressed early in the
neurectoderm during embryonic development and is confined to epidermal
suprabasal cells after birth*®. Mice deficient for Grhl3 display a defect in barrier
function and decreased expression of Inv, Lor and Fil, supporting a role in epidermal

maturation®.

2.3 MODELLING STEM CELL FATE DECISION IN EPIDERMIS

SC are able to self-renew indefinitely and give rise to all the cell lineages that
constitute their tissue of origin®. Maintenance and tissue repair are achieved by SCs
and has to be properly controlled to enable harmonious growth and healing. How
SC balance between proliferation and differentiation in IFE during homeostasis has
been a matter of debate and different models of epidermis self-renewal were
proposed in the past (Figure 7). One model proposed in 1970’s by Mackenzie and
further supported by Potten in the 1980’s proposed that epidermis was maintained
by discrete and regular columns of cells called Epidermal Proliferative Units (EPU)
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(Figure 7A-C)**%, Each unit was thought to be sustained by a central basal self-
renewing SC. Upon infrequent asymmetrical division, this SC gives rise to basal
transit-amplifying (TA) daughter cells (around 9 in the backskin, 10 in the ear, 13-
16 in the footpad and 24 in the tail)**". According to this model, these basal TA cells
undergo a limited number of division and ultimately enter into terminal
differentiation leaving the place for a new TA cell®. For both SC and TA cells, the
unique proposed mode of division was invariant asymmetrical cell divisions,
meaning that two different cells are produced after division : a cell identical to the
mother and a more differentiated cell. This pattern of self-renewal is called invariant
asymmetry and implies that each EPU converge toward a fixed size after some time
(Figure 7A-C). While the EPU model has been largely accepted for decades, the
progress made in lineage tracing techniques and whole-mount tissue preparation for
3D observations highlighted several results that were not consistent with this theory
(Figure 7D-J). Indeed, in early 2000’s lineage tracing experiments made with lac-z-
carrying retrovirus showed epidermal clones having a size bigger than an expected
EPU®. However, the experimental set-up implicated abrasion of the skin to increase
basal proliferation and retrovirus insertion, leaving open the possibility that wound
induced bigger EPU. A second lineage tracing study was performed with the use of
a STOP-EGFP mouse where a premature STOP codon prevents the expression of the
EGFP. Any mutation at any site of the STOP codon would restore EGFP expression®.
Dorsal skin was treated with mutagen to induce randomly EGFP expression in
epidermal cells and skin was collected 6 weeks after to enable EGFP+ suprabasal
cells to be shed off. As the turnover of the epidermis is estimated at 2 weeks, the
vast majority of labelled cells still present were coming from cells having self-
renewal capacities and the low mutation frequency exclude the possibility that two
basal cells next to each other would undergo the mutation. The data showed the
presence of clones bigger than the size of an expected EPU, which was not consistent
with the theory®”. Here again, the treatment with the mutagen precluded to draw
definitive conclusions about epidermis homeostasis. Finally, the first lineage tracing
experiment performed in homeostatic conditions was made by Clayton and
colleagues on mouse tail epidermis'®. Using a tamoxifen inducible promoter (Ah-
CreERT) and Rosa-EYFP mice they labeled scattered and isolated single basal cells in

the adult epidermis. Mice were sacrificed at different time points from 2 days up to
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Figure 7. Models of IFE SC dynamics in epidermis. (A-C) The EPU hypothesis suggested that basal
cells divide invariably asymmetrically. The stem cells (S) (yellow) generate the transit-amplifying
(TA) population (purple) which after 3 rounds of division undergo terminal differentiation and
become post-mitotic (PM) and suprabasal cells (SB) (A). Each unit is sustained by one S and has a
fixed number of TA and PM basal cells (B). S would after some time renew the whole unit (C). (D-F)
The stochastic model suggests that commited progenitors (CP) are all equipotent and adopt one of
three possible cell fates at each division, with fixed probabilities (%) for each fate. CPs either remain
proliferative (purple) either become post-mitotic (PM)(blue). This model does not exclude the exis-
tence of stem cells (S) which can be re-activated upon injury (D). Possible fate choices giving rise to
a small clone (E) or a big (F) clone. Adapted from Jones & Simons, Nature Reviews Molecular Cell Bio-
logy, 2008. (G-]) Comparison of the invariant asymmetry and population asymmetry model and the
expected outcomes upon clonal lineage tracing. Adapted from Blanpain & Simons, Nature Reviews
Molecular Cell Biology, 201 3.



1 year post-induction. Tail epidermis was collected as whole-mount and back skin
as 60um-thick sections, to observe the clonal dynamics over time, using 3D confocal
microscopy. At 2 days post-induction, the vast majority of cells labeled in the basal
layer of the tail IFE were single and the labeling frequency was 1/600, meaning that
any clone observed in the later time point would be the progeny of a single cell. In
the later time point, cohesive clones containing several labeled cells in the different
layers of the epidermis were observed. The quantification of the number of basal
and suprabasal cells per clone across the different time points showed that clones
were progressively expanding in size over time. One year after the induction, the
number of clones per surface area had decreased by more than 90% whereas almost
80% of the remaining clones were highly heterogeneous in size, ranging from 1 to
128 basal cells'®. This dramatic loss of clones and the ever expanding ability of the
remaining clones were in contradiction with the EPU model and the invariant
asymmetry model (Figure 7G-J). Instead, these data were consistent with a neutral
drift model in which IFE is maintained by only one compartment of equipotent
proliferating cells which may undergo an unlimited number of division and compete
neutrally for space : the stochastic model or population asymmetry (Figure 7D-
F)rot - According to this model, each division of an epidermal basal progenitor can
lead to 3 different fate outcomes. In the vast majority of the cases (84%) the
progenitor gives two different daughter cells (asymmetrical fate outcome) : one
progenitor which remains in the basal layer and one postmitotic differentiated cell.
However, if this was the only mode of division, the frequency of the labeled clone
observed in the tissue should not decrease overtime and the size of the remaining
clones would not be heterogeneous. Instead, the clonal data fit with the possibility
that some progenitors can be lost by differentiation (symmetrical differentiation)
and some other can self-renew (symmetrical self-renewal) and increase the number
of basal cells within a clone. The data suggest that these 2 events occur in 16% of
the cell division and are perfectly balanced (8% each) which guarantee the
homeostasis of the tissue. In this case, the asymmetry is made at the level of the
population (population asymmetry) and not at the level of the single cell (invariant
asymmetry). The probabilities of cell fate outcomes are fixed but the model is called
stochastic because the cell fate decision at each round of division cannot be

predicted',
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While this model suggested that the vast majority of basal cells are equipotent
progenitors, it did not totally exclude the existence of small population of quiescent
SC', Indeed, using skin specific promoter such as K14-CreER and Inv-CreER crossed
with Rosa-YFP mice, our lab demonstrated that different populations of basal
progenitors could be labeled in the basal layer of the tail IFE during homeostasis'®*'%.
After tamoxifen (TAM) induction, Inv-CreER/Rosa-YFP mice display clones having
the same clonal distribution and dynamics as described by Clayton : 80% of
asymmetrical division, 10% of self-renewal and 10% of symmetrical differentiation.
Similarily to Clayton’s data, 80% of the clones were lost after 3 months of tracing,
whereas the remaining clones were expanding and highly heterogeneous in size'*.
By contrast, K14-CreER/Rosa-YFP targeted clones displayed a different dynamics.
After 3 months, only 30% of the clones were lost and after one year at least 25% of
the clones were still remaining contrasting with less than 10% of remaining clones
in the Inv-CreER tracing. Further analysis of the clonal distributions showed that
K14-CreER targeted cells were a mix of SC and committed progenitors (CP) and that
Inv-CreER targeted cells were exclusively CPs'”. These data suggest that IFE basal

layer is heterogeneous and is not exclusively made of equipotent progenitors.

More recently, the entire clonal tracing was made a second time on independent
cohorts of mice and taking into account the two compartments that follow distinct
differentiation programs in the tail epidermis : the interscale (which surrounds HF
triplets and is made of suprabasal cells expressing K10), and the scale (characterized
by suprabasal cells expressing K31)'*'°, This study revealed two different modes of
tissue maintenance within the IFE tail epidermis during homeostasis'® (Figure 8). In
interscale regions, the previously described hierarchy of SC-CP was confirmed : SCs
divide less frequently (once every 15 days) and, following a stochastic model of cell
fate outcome, give rise to a SC and a CP in 94% of the case. In the remaining 6% of
the cases SC either self-renew either is lost through differentiation, with equal
probabilities. The CPs divide more frequently (once every 4 days) and undergo
asymmetrical cell fate outcome in around 62% of the cases, or symmetrical cell fate
outcomes in 38% of the cases that could lead either to CP loss or CP self-renewal.
However, these two outcomes are not perfectly balanced and CPs are slightly biased

toward symmetrical differentiation (21% over 17%), letting the space for new CP
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Figure 8. Current model of SC and CP dynamics in mouse tail epidermis during homeostasis.
In interscale a hierarchy of SC and CP following a population asymmetry is observed. SCs (red)
divide infrequently (once every 15days) and give rise to CP (blue) in 94% of the cases. SC also
balance self-renewal (5+S, 3%) and symmetrical differentiation (P+P, 3%). CPs divide frequently
(once every 4 days) and do asymmetrical division giving rise to differentiated cell (D, green) in
62% of the cases. CPs have a slight imbalance for symmetrical differentiation (D+D, 21%) over
self-renewal divisions (P+P, 17%). In scale, an equipotent population of CPs divide frequently and
undergo asymmetrical division in 56% of the cases while they perfectly balance their self-renewal
division (P+P, 22%) and differentiation (D+D, 22%). In both interscale and scale, the equilibrium is
maintained at the level of the population. Adapted from Sanchez et al., Nature, 2016. Scheme of
scale-interscale pattern adapted from Gonzales & Fuchs, Developmental Cell, 2017.



coming from the SC pool (Figure 8). By contrast, scale regions are sustained by
equipotent progenitors which undergo asymmetrical cell fate outcome in 56% of the
cases and symmetrical cell fate outcome in 44% of the cases, CP loss and CP self-
renewal being perfectly balanced'®. The stochastic or population asymmetry model
has been shown in several other epidermal areas such as paw*' and ear

epidermis'®™'® as well as in other squamous epithelia such as the oesophagus'®.

The stochastic model changed the perception that basal cells are intrinsically
pre-programmed to undergo a limited number of division. To the contrary, this
model implies that SCs and CPs can adapt their behavior to changing situations and
opens the question of what are the molecular mechanisms that control cell fate
decision and whether it is dictated by intrinsic or extrinsic factors. In homeostatic
conditions, the majority of the divisions are asymmetrical and self-renewal and
differentiation are balanced so the tissue does not grow but instead replaces the
suprabasal cells that are shed off at the surface. By contrast, under expanding
conditions such as postnatal growth or wound repair, the IFE surface must expand
rapidly. How SCs and CPs adapt their proliferation and cell fate decision to achieve
such expansion? Do the SC/CP increase their self-renewal decisions in order to
rapidly increase the pool of SC/CP ? The mouse oesophagus is a squamous epithelia
maintained through population asymmetry'®”. After a wound performed with
microendoscopic biopsy, lineage tracing experiments showed clones expanding
toward the damaged area after, suggesting that progenitors switch toward a
regenerative behavior during tissue repair'®. Moreover, recent in vitro experiments
performed with human keratinocytes suggest that epidermal progenitors have the
intrinsic capacity to switch between a “balanced” or “homeostatic” mode of division
to an “expanding” mode of division'’. Tracking keratinocytes division by live
imaging, Roshan and colleagues showed that human epidermal cells displayed tree
possible outcomes after cell division : symmetrical self-renewal (one dividing cell
gives rise to two dividing cells), symmetrical differentiation (one dividing cell gives
rise to two non-dividing cells) and asymmetrical division (one dividing cell gives rise
to one dividing and one non dividing cell). In the center of the colony, a “balanced”
or “homeostatic” mode of division is observed, characterized by an equal proportion

of symmetrical self-renewal and differentiation. However, in the border of the colony
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or after a scratch wound assay, keratinocytes switch to an “expanding” mode of
division, where the probability of self-renewal division is increased compared to the
probability of symmetrical differentiation, creating an imbalance'’. Whether this
switch from “homeostatic” to “expanding” mode of division also happens in vivo is

currently unknown.

2.4 THE POST-NATAL DEVELOPMENT

The process of growth in a living organism implies the size increase of the
tissues through an excess of proliferation over apoptosis, or a change in cell size. In
mammals, the growth starts during embryonic development and continues during
post-natal life until a steady state is reached at the adulthood. It is also accompanied
with a increase in the body mass. In mice postnatal growth follows an almost linear
growth from birth (+/- 1g) to around 5 weeks of age (+/- 30 g) (Figure 9). Body growth
is controlled by tissue specific growth factors and circulating hormones. Among
them, the Growth Hormone (GH)-Insulin-like Growth factors (IGFs) axis is the most
important as demonstrated by numerous mutations affecting this signaling pathway
and leading to different form of dwarfism in mice and human''. GH is a ligand
secreted by the pituitary gland in a pulsatile manner and act through the GH receptor
(GHR). This interaction is further modulated by other GH-binding proteins (GHBPS).
As other hormones, the production of GH decline gradually after puberty. GH
stimulates the production of IGF ligands (IGF1 and IGF2), mainly produced by the
liver. IGFs bind to their receptor (IGFR, type I and II) and can also be modulated by
IGF binding proteins (IGFBPs) and IGFBP proteases''. In peripheral tissues, GH and
IGFs binding to their receptors trigger the activation of several intracellular pathway
implicated in proliferation or apoptosis. GH and IGFs are both important for post-
natal growth as demonstrated with mouse lines harboring Ghr or Igf1 or both null
mutations and displaying a reduced weight and size (Figure 9)'*'**., GH-IGF axis also
plays a major role in skin development and keratinocytes proliferation''?. Mice
overexpressing Igfl in K5+ basal cells exhibit increased proliferation, epidermal
hyperplasia and develop spontaneous papillomas'®. Human suffering from an
excess of GH harbor a thicker dermis and elevated amount of IGFs have been
associated with Psoriasis while GH-deficient patients harbor a thinner epidermis'*.

Fibroblasts are the major source of IGFs and keratinocytes express GHR and IGFR'">.
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2.5 THE WOUND REPAIR

For this section, I would refer the readers to a recent Perspective I wrote with

Cédric Blanpain, published in Nature Cell Biology (see here after).
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Stem cell dynamics, migration and plasticity
during wound healing
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Sophie Dekoninck' and CédricBlanpain

Tissue repair is critical for animal survival. The skin epidermis is particularly exposed to injuries, which necessitates rapid
repair. The coordinated action of distinct epidermal stem cells recruited from various skin regions together with other cell
types, including fibroblasts and immune cells, is required to ensure efficient and harmonious wound healing. A complex cross-

talk ensures the activation, migration and plasticity of these cells during tissue repair.

ation and pathogens from the external environment. It is com-

posed of an epithelial layer, the epidermis, and the underlying
dermis, which are separated by a basement membrane'. The epi-
dermis contains pilosebaceous units that include a hair follicle and
sebaceous glands, and are connected with the interfollicular epi-
dermis (IFE) through the infundibulum'. The skin epidermis also
contains other appendages, such as sweat glands, which regulate
body temperature through perspiration'. The dermis is composed
of an upper (papillary) and a lower (reticular) layer of fibroblasts,
blood vessels, immune cells and extracellular matrix (ECM)>°.
Specialized fibroblasts form the dermal papilla, which regulates
hair follicle growth and the erector pili muscle, responsible for
pilo-erection. Partially integrated into the reticular dermis is a layer
of dermal adipocytes that form the dermal white adipose tissue’.
Underneath the dermis, the hypodermis (or subcutaneous adipose
tissue) is composed of adipocytes, blood vessels and inflammatory
cells*. This layer is important for thermoregulation and mechanical
protection®* (Fig. 1a).

Upon tissue damage, the skin has to be repaired as quickly as
possible to prevent excessive blood loss and infection. Wound
healing occurs through distinct overlapping phases: haemostasis,
inflammation, proliferation and remodelling’. Haemostasis occurs
immediately after tissue damage and results in the formation of a
blood clot, which stops the haemorrhage and triggers the recruit-
ment of different immune cells, including neutrophils, macrophages
and lymphocytes, to prevent infection and further activate the
inflammatory response™® (Fig. 1b). The proliferation phase coor-
dinates epidermal re-epithelialization and dermal repair® (Fig. 1c).
The remodelling phase removes cells that are no longer neces-
sary and induces ECM remodelling®. In small excisional wounds
(<1 cm in diameter in mice), hair follicles are not reformed and
dermal scar tissue compensates for skin loss” (Fig. 1d). However,
in large wounds (>1 cm in diameter), regeneration of hair follicles
(wound-induced hair follicle neogenesis (WIHN)) can be observed
after re-epithelialization during the remodelling phase, resembling
hair follicle embryonic development and a regeneration phase,
typically 13-14 days after injury in mice”® (Fig. 1d).

Although the key steps of wound healing are well described at
the tissue level, a more in-depth characterization of the behaviour of
individual cells at the clonal level and their fate transitions has only
yet begun. The emergence of lineage tracing and intravital micros-
copy, coupled with transcriptional and epigenetic profiling, provide
important insights about cellular and molecular mechanisms respon-
sible for wound healing’'% In this Perspective, we describe recent
advances with an emphasis on skin epithelial stem cell populations,

_|_he skin is the first barrier protecting animals against UV radi-

their heterogeneity, clonal dynamics and remarkable plasticity dur-
ing wound healing. Finally, we discuss the role of fibroblast popula-
tions and immune cells during repair and regeneration.

Skin epithelial stem cells during homeostasis

The skin epithelium renews throughout life in a continuous turn-
over ensured by stem and progenitor cells that balance proliferation
and differentiation to replace dead and terminally differentiated
cells"'*'*, Epithelial stem cells reside in a specific microenvironment
called the niche that is composed of various cell types. Niche cells
influence stem cell behaviour directly by cell contact or indirectly
via ECM components and growth factors'. Although skin stem cells
are able to regenerate the entire repertoire of skin epithelial lineages
upon transplantation, lineage tracing has demonstrated that, during
physiological conditions, epidermal compartments are sustained by
their own pool of resident stem cells'*~'® (Fig. 2a).

During adult homeostasis, hair follicles undergo cycles of growth
(anagen) and degeneration (catagen), followed by a resting stage
(telogen)'. The hair follicle stem cells (HFSCs) responsible for cyclic
regeneration are located in the permanent non-cyclic follicle portion
called the bulge'’-*". HFSCs were first identified based on their slow-
cycling properties'***2. They have higher clonogenicity in vitro and
giverise to IFE, hair follicle and sebaceous gland lineages upon trans-
plantation'”'#2*2*?*_Slow-cycling HFSCs were first isolated and char-
acterized using K5-tTA/TRE-H2BGFP and Krt15-EGFP transgenic
mice*?, and several studies revealed the expression of bulge spe-
cific markers, such as Cd34 (refs '%2%), Krt15 (refs *7**), Krt19 (ref. *),
Lgr5 (ref. %), Sox9 (refs °*?) and Tcf3 (ref. ). In sharp contrast to
transplantation experiments, lineage tracing using Krt15-CrePR*,
Shh-Cre®, Lgr5-CreER*, K19-CreER*, Sox9-Cre®* and Tcf3-CreER*
mouse strains established that HFSCs only contribute to hair follicle
regeneration during physiological conditions and do not maintain
the sebaceous gland, infundibulum or IFE (Fig. 2a).

The IFE is composed of a single layer of proliferative basal cells
and several layers of differentiated non-proliferative cells'. Basal
cells replenish the suprabasal cells that are lost as terminally dif-
ferentiated squames. In mice, it takes about 1 week for a basal cell to
transit to the surface of the skin and about 1 month to replenish the
whole IFE*. Early proliferation kinetic experiments reported main-
tenance of the IFE by small proliferative units that contain stem cells
and progenitors®’. However, lineage tracing at clonal density later
demonstrated that these units do not have a fixed size or predict-
able proliferation kinetics**. Instead, several studies, showed that
IFE homeostasis was sustained by a single population of committed
progenitors that balance renewal and differentiation in a stochas-
tic manner***-**. However, further studies provided evidence that
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Fig. 1| Overview of skin homeostasis and wound-healing phases. a, The skin is composed of the dermis and the epidermis. In the epidermis, epithelial
cells are organized into a pilosebaceous unit (the hair follicle and its associated sebaceous glands) and the surrounding tissue (the IFE). The dermis
consists of a papillary and a reticular layer located in the upper and lower part, respectively. Dermal papilla controls the hair follicle cycle and the arrector
pili muscle ensures its movement. The dermis includes fibroblasts, blood vessels, immune cells, sensory nerves and, in its lower portion, the dermal white
adipose tissue, which contains adipocytes. Below the skin lies the hypodermis or subcutaneous white adipose tissue. b, Haemostasis and inflammation
start immediately after wounding. The fibrin clot prevents further blood loss and provides a scaffold for the migration of immune, dermal and epidermal
cells. ¢, During the proliferation phase, keratinocytes, fibroblasts and endothelial cells proliferate and migrate to the wound site and reform the ECM.

d, During the remodelling phase, the collagen in the dermis is remodelled and cells from earlier stages are removed. In small excisional wounds in mice,
hair follicles are not regenerated and dermal scar tissue compensates for skin loss (left panel). In large excisional injuries, WIHN can be observed after

complete re-epithelialization (right panel).

basal epidermal cells are heterogeneous and some cells, depend-
ing on the skin regions, exhibit stem cell characteristics***. These
IFE stem cells (IFESCs) were more quiescent, persisted longer and
could give rise to more rapidly cycling committed progenitors with
a shorter lifespan**** (Fig. 2a). Profiling of murine stem and pro-
genitor cells showed that the two populations are molecularly dif-
ferent and that stem cells express a higher level of basal integrins, as
do human epidermal stem cells, whereas committed progenitors are
primed towards differentiation***.

The isthmus, a region located between the bulge and sebaceous
gland, contains its own pool of resident stem cells that express Blimp 1
(ref. ¥7), Lgr6 (ref. *°), Lrigl (ref. *°), Gata6 (ref. *°) or PletI (ref. *').
These multipotent cells give rise to all epidermal lineages upon
transplantation*~"*2. Lineage tracing using BlimpI-Cre*, Lgr6-
CreER'> and Lrigl-CreER*" has confirmed that these cells main-
tain the isthmus and sebaceous gland during homeostasis (Fig. 2a).
In addition, Lrigl-expressing cells also give rise to cells of the infun-
dibulum™ (Fig. 2a), whereas Gata6-expressing stem cells only con-
tribute to the maintenance of the sebaceous gland ducts but not
the gland itself during homeostasis™ (Fig. 2a). Altogether, these
data show that, during physiological conditions, skin stem cells
are confined to restricted compartments. Presently, the molecular
mechanisms that restrain the movement of these cells across dif-
ferent territories remain unclear. As in the intestine™, cell-specific
expression of different guidance molecules might confine cell types
in specific territories.

Skin epithelial stem cells during wound healing

During wound healing, stem cells are activated and recruited
from different skin regions. Interestingly, lineage restriction and
spatial confinement of resident skin stem cells are transiently lost
during repair, allowing contribution of multiple epidermal stem
cellg!5-345456:57 (Fig. 2b).

The involvement of HFSCs in wound healing was already pro-
posed 40 years ago after dermabrasion experiments in mice*® and
further confirmed by more-recent analyses of proliferation kinetics*.
Lineage tracing targeting labelled retaining cells*® or using Krt15-
CrePR*, Shh-Cre”’, K19-CreER* and Lgr5-CreER> reporter strains
showed that HFSCs rapidly migrate from the bulge to the wound
and contribute to epidermal repair (Fig. 2b). These data demon-
strate that HFSCs are highly plastic during wound healing, similarly
to their expanded fate potential upon transplantation'”*>*>%,

Clonal analysis of IFESCs and committed progenitor cells fol-
lowing injury of mouse tail skin showed that IFESCs are recruited
to the wound, contribute to epidermal repair and persist up to 35
days* (Fig. 2b). By contrast, committed progenitors are initially
recruited, but their progeny do not remain in the wound long
term*. Additional lineage tracing with DIxI-CreER and Slcla3-
CreER reporters, which mark slow-cycling and rapidly cycling stem
cells from different microdomains of tail and back skin IFE, demon-
strated that, upon wounding, both stem cell populations repopulate
the two IFE regions®. However, in the long term, both cell popula-
tions only persist in their region of origin and not in the region that
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Fig. 2 | Skin epithelial stem cell populations during homeostasis and repair. a, Skin epithelial stem cells express specific markers and can be lineage traced
with CreER mouse strains (left table). IFESCs and committed progenitors are located in the basal layer of the IFE and give rise to suprabasal, differentiated
cells. Stem cells and committed progenitors can be traced using K14-CreER or Inv-CreER mouse strains induced at low dose, respectively. IFE committed
progenitors (CPs) also express Lgr6. Infundibulum stem cells are located in the upper part of the isthmus and express Lrigl. A population of sebaceous
gland duct stem cells expressing Gata6 are located at the entrance of the gland but only maintains the junctional zone. Isthmus and sebaceous gland stem
cells are basal cells located at the junction between the hair follicle and the gland, express Lrig1, Lgr6 and Blimp1 and give rise to the entire sebaceous gland
and the isthmus. Bulge stem cells are located in the permanent lowest portion of the hair follicle, express K15, K19, Lgr5, Cd34, Sox9 and Tcf3 and give rise
to the entire hair follicle. b, Upon wounding, both IFESCs and committed progenitors are recruited and contribute to tissue repair. Only IFESCs will reside in
the newly formed IFE long term. Isthmus, sebaceous gland and infundibulum stem cells are recruited, contribute to IFE repair and remain long term. Bulge
stem cells are recruited to the IFE and a small proportion can remain long term as IFESCs. Gata6-expressing sebaceous gland duct stem cells are recruited

to the IFE, migrate suprabasally, dedifferentiate and are re-established as IFESCs in the long term.

they migrate to during wound healing™. These observations suggest
that, during repair, all basal cells present some degree of plasticity,
a change in behaviour and functional contribution, but the wound
does not reset the clock completely and cells keep a memory of their
original location and hierarchy.

Similarly to HFSCs, Lrigl-expressing and Lgr6-expressing stem
cells from the upper isthmus are mobilized following wounding and
are possibly activated even more rapidly than HFSCs**. HFSCs have
been assumed to be quickly lost during regeneration and to only
serve as a transient bandage that allows other stem cells from the
IFE and upper isthmus/infundibulum to sustain long-term repair™.
However, a more recent study showed that the proportion of hair
follicle and Lrigl-derived cells located in the epidermis drops dra-
matically 3 weeks after an injury, whereas remaining cells can per-
sist up to 1 year thereafter™ (Fig. 2b). The persistence of these cells
in the re-epithelialized IFE is proportional to the amount of stem
cells labelled in the beginning and suggests a stochastic competition
between equipotent stem cells rather than a hard-wired process™.
Importantly, glabrous skin, such as the ventral (or palmar) part
of the paw, heals correctly with slower kinetics than human
skin, showing that HFSCs are dispensable for wound healing®.

Moreover, similar to the contributions of hair follicles and the
infundibulum in skin with hair, sweat gland duct progenitors help
to regenerate the injured epidermis in mouse paws®. Altogether,
these studies suggest that the vacant niche created by an injury
activates a broad range of stem cells to assume characteristics
that differ from their homeostatic roles. Additional studies will be
required to better understand the signals that activate distant stem
cells, respective timelines and the mechanisms that disrupt and
re-establish the boundaries between skin compartments. It fur-
ther remains unclear how differentiation programmes get rewired
during wound healing and how the balance between proliferation,
migration and differentiation is achieved.

Migration, proliferation and compartmentalization. Epidermal
injury is typically followed by increased keratinocyte proliferation’.
Interestingly, proliferation is not observed at the wound edge but
rather at a distance of 0.5-1.5 mm away from the edge”'*®*, in a pro-
liferative zone that surrounds the wound. At the leading edge, kera-
tinocytes do not proliferate but migrate as a cellular sheet®' (Fig. 3).

Intravital microscopy during wound healing demonstrated that
both basal and suprabasal layers migrate during wound healing’.
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Fig. 3 | Epidermal migration, proliferation and compartmentalization
during wound healing. Epithelial cells start to migrate into the wound bed
within 12 hours after injury. The day after wounding, IFE cells located close
to the wound show an elongated shape towards the direction of the wound
(horizontal arrows) and are quiescent, whereas cells located at a distance
start to proliferate, which leads to the establishment of a proliferative

and a migrating leading edge compartment. Between these two zones,

a mixed region is observed containing both migrating and proliferative
cells. Four days after wounding, leading edge cells are compressed and
upregulate the expression of specific genes that promote inflammation and
regeneration. This gene signature is transient and disappears when the IFE
is healed. Vertical arrows represent the movement of basal cells toward the
differentiated layers. MMPs, matrix metalloproteinases.

The speed of migration is greatest closer to the leading edge and
decreases thereafter'. At a distance of 0.5 mm from the edge, both
migration and proliferation co-occur'. In this mixed region, basal
cells are elongated towards the wound and orient their division in
this direction'. In the tail epidermis, cells present at the leading
edge are initially elongated parallel to the direction of the wound,
suggesting active migration, but assume a perpendicular orienta-
tion 2-4 days after wounding, possibly because they are pushed and
compressed by cells behind’. Whether proliferation is necessary for
cell migration remains unclear. Pharmacological inhibition of cell

FOCUS | PERSPECTIVE

proliferation prevents wound closure and cell compression at the
leading edge in tail skin’. By contrast, proliferation is dispensable
for wound closure in the mouse ear epidermis'’. However, cells also
display a more elongated shape in wounds with inhibited prolifera-
tion, suggesting a compensatory effect'’. Differences in wound size
and region-specific dermal populations could explain the discrep-
ancies observed between the ear and tail IFE. However, in Racl-
knockout mice with perturbed cell migration and elongation, a
defect in the orientation of cell division is evident, suggesting its
control by migration of the leading edge'. Altogether, these obser-
vations imply that cell migration at the leading edge comes first after
wounding and that the displacement of cells in this region triggers
orientated cell division of the cells following behind. Increased pro-
liferation can itself generate a surplus of migrating cells that later
push the leading edge towards the wound centre.

Transcriptional profiling of cells from migration and prolifera-
tion zones indicated two molecularly distinct and transient regions’.
Cells at the leading edge expressed transiently higher levels of
matrix metalloproteinases, pro-inflammatory molecules, genes
controlling the cytoskeleton, microtubule and actin remodelling,
ECM ligands and cell-adhesion molecules, such as integrin a (ref. °)
(Fig. 3). The constant size of the leading edge and its indepen-
dence of wound size or skin area suggest that the signals controlling
marker expression are local and potentially propagated from cell to
cell within the epidermis. The leading edge might act as a transient
scaffold enabling harmonious wound healing. By secreting a higher
level of proteins that control ECM remodelling and blood clot dis-
solution, the leading edge might promote the progression of tissue
regeneration towards the wound centre and protect stem cells and
their progeny from tissue remodelling.

In addition, the acquired migratory phenotype of keratinocytes
displays some features of epithelial-to-mesenchymal transition,
including downregulation of cell-adhesion molecules, increased
motility and upregulation of epithelial-to-mesenchymal transition
markers, such as Slug®>**. Whether epithelial-to-mesenchymal tran-
sition is required for efficient wound healing or leading edge migra-
tion will require further analysis.

Stem cell population dynamics. During homeostasis, IFESCs and
committed progenitors divide asymmetrically at the population level
to maintain a constant number of epidermal cells®. However, during
wound healing, cell numbers need to increase to compensate for lost
cells until re-epithelialization is completed. Excess of renewal over
differentiation can be achieved by increasing symmetric renewal or
decreasing the proportion of cells that undergo differentiation, as dur-
ing oesophageal wound repair® or in vitro culture of keratinocytes®’.
Upon tail injury, clonal analysis of K14-CreER (IFESCs and pro-
genitors) and Lrigl-CreER (infundibulum stem cells) mouse strains
demonstrated streaks of labelled cells arising from single IFE or
infundibulum cells, both basal and suprabasal, that project towards
the wound centre’. IFE-derived clones decreased by more than 90%
during the first week, due to rapid terminal differentiation of commit-
ted progenitors, but overall cell ratios demonstrated that committed
progenitors continued to divide mostly asymmetrically at the popula-
tion level’. The proportion of basal and suprabasal cells from LrigI-
CreER-derived clones was similar to IFE-derived clones, although the
size of the infundibulum-derived clones was slightly bigger®. Clonal
persistence, clone size and the basal/suprabasal cell ratio were consis-
tent with a hierarchical model in which rare stem cells reside at the
top of the hierarchy, dividing asymmetrically at a much more rapid
pace than homeostasis and give rise to progenitors, so that the equi-
librium between proliferation and differentiation remains balanced.
Irrespective of their initial locations, wounding seems to induce the
activation of a minor stem cell population, whereas lineage hierarchy
and balance between self-renewal and differentiation of committed
progenitors remain unchanged from homeostasis’.
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Recently, clonal analysis of the human skin epidermis was per-
formed after grafting in vitro reconstructed, genetically engineered
skin into a patient with a severe form of the genetic skin disorder
epidermolysis bullosa®®. Sequencing of the integration site of the ret-
rovirus used to replace the mutated gene revealed that viral integra-
tion in keratinocyte colonies originating from progenitors rapidly
decreased over time®. By contrast, the integration sites of the most
clonogenic colonies derived from stem cells increased, supporting
the notion that only human skin stem cell-derived colonies are able
to renew and expand long term in vivo, whereas progenitor cells
possess limited potential to self-renew and revert back into a stem
cell-like state®.

Stem cell plasticity. When stem cells from the hair follicle and infun-
dibulum are recruited to the IFE upon injury, they progressively
lose their initial identity and are reprogrammed to an IFE fate™.
The molecular mechanisms responsible for this plasticity are still
incompletely understood. In a comparison of chromatin landscapes
of injured IFE and homeostatic HFSCs and IFESCs, the wounded
IFE exhibited a hybrid signature between HFSCs and IFESCs, in
which the open chromatin regions were enriched for both IFESC
(Kl1f5) and HFSC (Sox9) transcription factors'’. This hybrid stage
called ‘lineage infidelity’ seems to ensure proper re-establishment of
the epidermal barrier'”. Although this hybrid state is transient dur-
ing repair, it persists in skin cancer'>®.

Differentiated suprabasal epidermal cells are able to revert back
to a stem cell state upon wounding””', a phenomenon also observed
in airway epithelium after lineage ablation of basal stem cells”.
However, lineage tracing and photolabelling of suprabasal IFE cells
demonstrated that these cells cannot adopt a basal state again under
wound-healing conditions®'’. Contrastingly, a population of Gata6-
expressing cells residing in the isthmus, which during homeostatic
conditions give rise to the sebaceous duct, can be mobilized during
wound healing to migrate towards the injured IFE and revert from a
differentiated to a basal stem cell fate*. This reversion does not occur
immediately after injury, as the suprabasal cells require a few days
to access the basal layer and undergo stem cell reprogramming.
This intriguing observation raises the question of whether other dif-
ferentiated epidermal cells are also able to revert back to a stem cell
state or whether this is a unique property of the Gata6-expressing
population. It is possible that the timing of reversion is important
and that experiments performed on the tail and ear epidermis
induced the labelling of the suprabasal cells too early to observe the
reversion®'’. Further experiments will be necessary to identify the
mechanisms underlying this cellular plasticity and reprogramming
of differentiated cells during wound healing. Other cases of dedif-
ferentiation have been previously described in the hair follicle™*.
After depilation or laser ablation to induce the loss of bulge HFSCs,
hair germ cells” and infundibulum or sebaceous gland cells™ are
able to repopulate the stem cell niche and establish functional
HESCs. Similarly to skin, cells in the gut epithelium that are com-
mitted to terminal differentiation can revert back to a progen-
itor-like state and contribute to tissue repair following injury’>-"".
However, intestinal stem cells are required to ensure tissue repair
following ionizing radiation’, demonstrating that, despite the abil-
ity of committed cells to re-assume stemness, regular tissue-resident
stem cells are essential for repair.

The degree of damage can also influence cellular plasticity. In
relatively small wounds, re-epithelialization occurs without reform-
ing hair follicles, whereas de novo hair follicle formation is apparent
in large wounds®. Lineage tracing confirmed that these de novo hair
follicles do not originate from HESCs but from IFE cells®. Analogous
to hair follicle morphogenesis during embryonic development™-*',
WIHN depends on Wnt signalling, as overexpression of Dickkopf
Wht signalling pathway inhibitor 1 or f-catenin deletion in IFE basal
cells prevents de novo hair follicle regeneration®. Epidermal deletion

of Wntless, a gene required for the secretion of Wntligands, suppresses
WIHN, suggesting that keratinocyte-derived Wnt is essential®.
Different mouse strains have different susceptibilities to WIHN®*,
Toll-like receptor 3 (TIr3) levels are increased in mouse strains with
enhanced WIHN, and double-stranded RNA is a key signal that trig-
gers skin regeneration through Tlr3 (ref. **). Msh homeobox 2 is also
crucial for WIHN®. Fibroblast growth factor 9, secreted by yd T cells,
triggers Wnt expression by wound-induced fibroblasts, further
amplifying the Wnt signal required for WIHN. These data illustrate
the importance of a crosstalk between immune cells, fibroblasts and
keratinocytes to enable successful WIHN®.

Plasticity upon wound healing is also observed in other skin
lineages. In the dermis, myofibroblasts, located close to de novo-
formed hair follicles, are converted into adipocytes in large
wounds®. This cell-fate conversion depends on bone morphoge-
netic protein signalling originating from newly formed hair fol-
licles that activate the expression of Z{p423, a transcription factor
that regulates adipocyte development™. Cell plasticity has also been
described in other epithelia, such as the mammary gland, lung
and intestinal epithelium®. It will be important to define whether
generic mechanisms conserved across different tissues and species
control cellular plasticity after lineage ablation and during tissue
repair, inflammation or tumorigenesis.

Crosstalk between stem cells and the niche. During wound repair,
fibroblasts are responsible for ECM synthesis in the dermis and for
the fibrotic response leading to scar formation’. However, during
embryonic development and in certain body locations, such as the
oral cavity, wounds heal without forming scars®. The dermis of the
mouse back skin is composed of fibroblasts of different develop-
mental origin’’'. At least two fibroblastic lineages give rise to the
upper (papillary fibroblasts, dermal papillae and erector pili muscle)
and lower (reticular fibroblasts, preadipocytes and hypodermal adi-
pocytes) dermis, respectively”. Upon wounding, fibroblasts of the
lower dermis are recruited first, followed by fibroblasts of the upper
dermis” (Fig. 1). Reticular fibroblasts secrete the collagens respon-
sible for scar tissue formation and are unable to regenerate the hair
follicle after transplantation”. This observation may potentially
explain why de novo hair follicle formation rarely occurs during
wound healing. The upper papillary dermis is the only fibroblast lin-
eage competent to regenerate hair follicles after transplantation, but
it is recruited late during repair®. Interestingly, activation of Wnt-f
-catenin signalling in epidermal cells increases the recruitment of
papillary fibroblasts and also the number of hair follicles regener-
ated in the wound bed”. By sharp contrast, inhibition of p-catenin
in fibroblasts promotes hair follicle regeneration during wound
healing and correlates with a decrease in the number of reticular
fibroblasts and an increase in the number of papillary fibroblasts™.
In addition to different locations, two distinct fibroblastic lineages
can also be identified on the basis of the embryonic expression of
Engrailed-1 (En-1)°'. The En-1-positive lineage of fibroblasts pro-
duces ECM composed of collagen type I and type III, becomes
more abundant postnatally and is responsible for fibrotic scarring
after injury”’. By contrast, the En-1-negative lineage becomes less
abundant after birth but has a higher regenerative capacity and their
dominance during embryonic development might explain why
embryos are able to regenerate scarless skin’>”’. Of note, the pref-
erential location of En-1-positive lineage fibroblasts in the reticular
dermis after birth suggests that they encompass the reticular popu-
lations previously described””'. Altogether, these data support the
importance of surrounding dermal fibroblasts in skin regeneration.

A crosstalk between epidermal and immune cells also plays a
major role during wound healing. Interestingly, after epidermal
stem cells have been challenged with an inflammatory stimulus, the
skin retains a memory of past inflammation and heals faster upon
wounding. This memory is associated with chromatin remodelling
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that primes stem cells to respond more rapidly upon injury, in par-
ticular, by promoting cell migration, which is partly mediated by the
AIM2 inflammasome'’. This remarkable observation is reminiscent
of an ‘alert state) as described in muscle stem cells, in which stem
cells contralateral to the injured muscle undergo accelerated cell
cycle entry upon tissue damage™. By contrast, ageing is associated
with a defect in wound healing, linked to a decrease in epidermal
migration and impaired signalling between epidermal and dendritic
epidermal T cells™. Aged epidermal cells demonstrate a defect in
signal transducer and activator of transcription 3 (Stat3) activa-
tion following wounding, which in turn prevents the activation of
SKINTS genes that encode immunoglobulins and activate dendritic
epidermal T cells in the wound bed”.

Upon wounding, skin stem cell populations are also activated by
activin A, which is overexpressed in the dermis and the epidermis’.
Overexpression of activin A enhances wound healing’”’, promotes
keratinocyte migration and the formation of granulation tissue by
dermal cells”**’. Moreover, activin A recruits Foxp3-expressing reg-
ulatory T cells, which further supports accelerated healing”. These
data illustrate the importance of the crosstalk between immune
cells, dermal cells and keratinocytes during wound healing””.

Conclusions and outlook

Taken together, this body of work provides previously unappre-
ciated insights into the cellular and molecular mechanisms regu-
lating wound healing and the importance of a crosstalk between
different skin cell populations. However, many open questions
remain regarding the signals that stimulate stem cells to migrate
to the wound centre. We also know little about the control of
skin compartmentalization during homeostasis and repair. How
rapidly after wounding are these boundaries re-established?
Mechanistically, it will be interesting to further elucidate how cells
move between and within basal and suprabasal layers and learn
more about the role of the leading edge. Factors controlling chro-
matin remodelling and lineage infidelity in chronic wounds and
cancer also remain to be discovered.

Lineage ablation experiments at the leading edge should aid in
defining the role and function of involved compartments during
wound repair. Moreover, single-cell RNA sequencing and ATAC
(assay for transposase accessible chromatin with high-throughput)
sequencing of stem cell populations isolated during different regen-
eration stages should provide insights into the chromatin and tran-
scriptional landscape associated with cellular heterogeneity. These
studies might also elucidate further mechanisms that mediate the
reprogramming of cells from the hair follicle and infundibulum as
they are recruited to the IFE. Finally, understanding the role of the
niche in the reprogramming of differentiated cells towards a stem
cell fate will be an important challenge for the future.
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3 OPEN QUESTIONS

The SC and CP dynamics unraveled in the mouse tail epidermis during
homeostasis raises a lot of questions. How SCs and CPs adapt their proliferation and
cell fate decisions when the tissue needs to expand, such as in wound healing or
during post-natal development ? Are the SC/CP able to change their cell fate decision
? Do they increase their self-renewal decisions in order to rapidly increase the pool

of SC/CP ? What are the molecular signals controlling these fate decisions ?

Modeling the cell fate probabilities in expansion conditions could be critical
and would help to better understand what is deregulated in term of cell fate decision
during pathological conditions such as tumor initiation or chronic wound. Skin
Chronic wound affect more than 6 million people and cost more than $25 billons
per year in USA"®, Improving our knowledge in wound healing and skin growth

mechanisms is therefore an important challenge for our future economy and society.
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4 RESULTS

4.1 DEFINING STEM CELL DYNAMICS AND MIGRATION DURING WOUND
HEALING IN MOUSE SKIN EPIDERMIS

4.1.1 Focus

The skin epidermis is constantly renewed throughout life''”. Using lineage
tracing experiments, we and others previously demonstrated that the mouse tail IFE
is maintained by a hierarchy of SCs and CPs that present tree possible cell fate
decisions : asymmetrical cell fate decisions, symmetrical renewal and symmetrical
differentiation, the two last outcomes harboring similar probabilities during
homeostasis'®'%21%~ When the skin barrier is disrupted, a cascade of cellular and
molecular events is activated to repair the damage and restore skin integrity''s.
Different epidermal SCs coming from the HF, isthmus, infundibulum and IFE have
been shown to contribute to IFE repair after wound*#+1°21%12 However, it remains
unclear whether these cells only increase their proliferation rate, maintaining an
equal proportion of symmetrical renewal and differentiation, or whether they switch
to an “expanding” mode of division leading to more symmetrical self-renewal. It also
remains unclear whether basal cells can uncouple proliferation, differentiation and
migration during the healing process, and whether two different SCs populations
achieve the same proliferative dynamics.

In this study, we used BrdU incorporation on 3D whole-mount tissues from
mouse tail epidermis and microarray analysis to shed more lights on the
reepithelization phase and the molecular identity of the different compartments
taking place during wound healing. Moreover, using inducible CreER recombinase
under the control of two promoters to target IFE SCs (KI14-CreER)'** and upper
isthmus (or infundibulum) SCs (Lrigl-CreER)'* combined with the Rosa-Confetti
(Brainbow 2.1) reporter'*®, we deciphered the proliferation dynamics and cell fate

decisions occurring in these two distinct SCs populations during IFE repair.
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4.1.2 Methods and results

We used 3 mm punch biopsy to generate circular wounds on the tail of
transgenic mice and collected the epidermis at 0, 2, 4, 7, 10 and 14 days post-wound.
Our data show that proliferation increases from 2 days to 7 days post wound and
that rapidly dividing cells are localized in a specific zone defined within a circle
around the wound, on average 1 mm large, delimitating a proliferative hub. Within
500um from the edge of the wound, a region called the leading edge (LE) is by
contrast devoid of proliferative cells (Figure 1, page 36). Two and for days after
wound, LE cells were oriented perpendicularly to the wound direction, suggesting
that some forces were compressing them. Treating mice with 5-Fluorouracile (5-FU),
a pyrimidine analog that blocks DNA synthesis, delayed wound closure and partially
relieved LE cells from the compression, suggesting that proliferation was important

for the compression of the LE cells (Figure 2, page 37).

To define the molecular identity of the wounded epidermis we performed
microarray analysis on basal cells from the LE and proliferative hub, isolated with
4mm and 6mm diameter punch biopsies, respectively, 4 and 7 days after wound and
compared with unwounded epidermis (Figure 3, page 38). We identified upregulated
genes implicated in cell adhesion/cytoskeleton, cell signaling, inflammation and cell
cycle regulators (Supplementary figure 2, page 49). We validated the specific and
rapid upregulation of Itga5 in the LE and used it as a marker to isolate LE cells 4
days after wound by FACS (Figure 3, page 38). We found a similar LE signature as
identified in the first analysis, validating our first approach. Gene ontology
enrichment (GO) analysis revealed that the LE signature was enriched in genes
associated with cell migration, inflammation, cell adhesion, ECM ligands,
cytoskeleton and actin regulators, cell signaling, and coding for specific TFs. This
analysis allowed us to propose a spatial molecular signature of the LE and
proliferative cells upon wound healing (Figure 3, page 38). We confirmed the local
and transient upregulation of genes not previously described in wound epidermis,
such as Flrt2/3, Gprc5a and Myolb at the protein level by immunostaining (Figure
4, page 40). These observations support the notion of a spatially restricted and

transient LE compartment formed during wound healing. 5-FU treatment decreased
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the proliferation within the epidermis, but did not change the expression of the
leading edge marker, suggesting that these markers were induced independently of
cell division (Figure 5, page 41). Wounded mice treated with dexamethasone, an anti-
inflammatory drug of the glucocorticoid (GC) family, partially re-established
proliferation in the LE cells but did not impair the expression of the LE markers,
suggesting that the quiescent status of the LE cells can be functionally and
molecularly uncoupled from the expression of the LE specific markers (Figure 5,

page 41).

To address the cell fate decisions of the IFE SCs and infundibulum cells upon
wound healing, we performed lineage tracing at clonal density using Cre-
recombinase under the control of IFE SCs promoter (K14-CreER)'*'* or upper
isthmus/infundibulum SCs promoter (Lrigl-CreER)'* combined with the Rosa-
Confetti (brainbow 2.1)'**'?” reporter. Clones appeared as long unicolor fragmented
streaks pointing toward the center of the wound (Figure 6, page 42). 80% of the K14-
CreER/Rosa-Confetti clones were lost between 0 and 4 days post-wound while the
thickness of the epidermis increased 4 to 5 fold, consistent with the increased
proliferation observed at 2 and 4 days post-wound. Lrigl-CreER/Rosa-Confetti
clones were all confined in the infundibulum at 0 day post-wound but later appeared
as long unicolor fragmented streaks of cells projecting outside the HF toward the
wound center (Figure 7, page 43). We quantified the number of basal and suprabasal
cells per unicolor streak 0, 4, 7 and 14 days after wound (Figure 8, page 44).
Mathematical modeling showed that, despite a more rapid increase in size in Lrigl-
CreER clones, both Infundibulum and IFE derived clones harbor a similar
proliferation dynamics in which the majority of cell fate decisions are asymmetrical,
while self-renewal and differentiation are balanced. Finally, spinous cells were traced
using the Inv-CreER'*® promoter and Rosa-YFP reporter'?. No YFP+ cells were
observed in the new IFE after wound, ruling out the possibility that suprabasal cells

revert back to basal upon wound healing (Supplementary figure 5, page 52).

4.1.3 Conclusion

Using BrdU incorporation, immunostaining and spatially distinct
transcriptional analysis we refined the molecular mechanism and the cellular

dynamics occurring during wound healing in mouse tail epidermis. We confirmed
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that two compartments are formed during the re-epithelialization stage, a
quiescent/ migrating LE and a proliferative hub, and that they are spatially and
molecularly distinct. We show that LE cells have a specific transcriptional signature
that can be uncoupled from their quiescent state and define new markers not
previously described in wounded epidermis (Figure 9, page 45). Moreover, using
lineage tracing and mathematical modeling we uncovered the proliferation dynamics
and cell fate decision of two skin SCs populations upon wound healing. We show
that, while Infundibulum and IFE SCs reside in different regions in the skin, they
acquire the same dynamics upon wound healing, activating their SCs but
maintaining a majority of asymmetrical cell fate decisions leading to linear growth

of the clones.
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Using a combination of proliferation kinetics experiments and molecular profiling, we identify
the gene signatures associated with proliferation, differentiation and migration in different
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he skin epidermis is a stratified epithelium that acts as a

barrier protecting the animals against infections, trauma

and water loss!. When the skin barrier is disrupted,
a cascade of cellular and molecular events is activated to repair
the damage and restore skin integrity. Defects in these events can
lead to improper repair causing acute and chronic wound
disorders?.

Wound healing (WH) is organized in three stages'™: the
inflammation stage starts immediately, and is associated with the
formation of the blood clot and the recruitment of inflammatory
cells. The second stage is the regenerative phase associated with
re-epithelialization of the wound, the creation of new epidermal
cells and the formation of the granulation tissue. Finally, the last
stage, which can last for months, involves the remodelling of the
epidermis, dermis and extracellular matrix (ECM). Different
epidermal SCs coming from the hair follicle (HF), isthmus,
infundibulum and interfollicular epidermis (IFE) contribute to
WH>12, However, it remains unclear how different SCs
populations can balance proliferation, differentiation and
migration during the healing process, and whether they
conform to the same proliferative dynamics. It also remains
unclear whether these cells simply increase their proliferation
rate, maintaining a homoeostatic mode of division, or whether
they switch to a proliferative mode of division leading to more
symmetrical cell duplication to facilitate the expansion of newly
formed skin.

Here, using whole-mount tail epidermis, we identify and
characterize molecularly and functionally two spatially distinct
epithelial compartments surrounding the wound: a proliferative
hub and a migrating leading edge (LE). We define the
spatiotemporal dynamics of these two compartments over the
re-epithelialization stage. We uncover the molecular signatures
associated with these two distinct epidermal compartments and
demonstrate that proliferation, migration and differentiation can
be uncoupled during the early stage of wound repair. To
understand the mode of division and the cellular hierarchy of
different populations of epidermal cells, we perform a detailed
quantitative clonal analysis and mathematical modelling of the
individual behaviour IFE and infundibulum cells during WH. We
show that at the beginning of WH, because of the incapacity of
progenitors to switch from homoeostatic (asymmetric cell fate
outcome at the population level) to a proliferative (symmetric
renewal) mode of division, the important increase in cell
proliferation leads to minimal tissue regeneration with a massive
loss of progenitors through differentiation. As SCs become
activated, they undergo rapid asymmetric cell fate outcome
generating new SCs and progenitors that promote tissue
expansion, visible as streaks of cells spanning from the
proliferative hub to the centre of the wound. This clonal dynamic
is very similar for different populations of epidermal SCs coming
from different skin regions, suggesting that this cellular behaviour
helps to maximize the regenerative process.

Results

Spatiotemporal proliferation and migration during WH. To
define the role of cell proliferation during the regenerative stage of
WH, we performed a 3 mm punch biopsy in the tail skin of adult
mice and analysed the result of short-term BrdU incorporation by
confocal microscopy on whole-mount epidermis at different time
points during WH (Fig. 1a). Immediately after wounding, there
was no increase in BrdU incorporation. However, at day 2 (D2)
and even more at D4 following wounding, we found that BrdU
incorporation was increased by 5-fold in a zone spanning from
500 um to 1.5mm from the LE, with 40% of basal cells entering
into cycle during a period of 4h (Fig. 1b). The width of the

2

annulus of cells that proliferated around the wound progressively
decreased with time (Fig. 1a,c,d). We found that epidermal cells at
the LE, spanning a distance of 500 pm from the wound front, did
not incorporate BrdU at any time point from D2 to D7 following
wounding (Fig. la—c). This showed that cells at the LE of the
epidermal sheath, which ensures skin regeneration, do not pro-
liferate actively, but migrate to the centre of the wound. These
results confirm the existence of a migrating LE that has been
hypothesized for several decades based on the histological
examination of wounded tissues and ex-vivo skin explants’.
Reaching a maximal size at D4 following wounding, the size of
the non-proliferating LE zone progressively decreased over time,
suggesting that the specification and differentiation of LE cells
occurs only during the early stage of WH (Fig. 1a,d). After D14,
the wound edges fused at midline and proliferation resumed at
the centre of the wound region (Fig. la,e).

As wound contraction contributes to wound closure!?,
we assessed the relative importance of epidermal regeneration
and wound contraction to the overall wound repair. As de novo
HF formation only occurs with more extensive wounding and at a
later stage!4, wound contraction was measured by the distance
between the HF and the wound centre at DO minus the same
measurement at a given time point, while the newly formed
epidermis was measured by the difference between the radius at
DO (1.5mm) and the radius at any time point minus the
contraction. Surprisingly, we found that the distance between
HEF triplets and the centre of the wound after the punch biopsy
did not decrease significantly from DO to D7, where proliferation
was maximum, suggesting that proliferation is not very
productive during the initial stage of wound repair (Fig. lef).
From D10 to D14, this distance decreased linearly in time
until re-epithelialization was completed (Fig. le,f). At this stage
the average distance between the HF triplets and the wound
centre is 0.9 mm, suggesting that an epithelial regeneration
contributes approximately to two-thirds of the healing
process, and wound contraction (0.6 mm) is responsible for the
remainder.

Cell shape and polarity during WH. The shape and size of the
epidermal cells, which is the reflection of the forces that epi-
dermal cells experience during the regeneration process, was very
different depending on the wound region and the time point
following wounding (Fig. 2a—c). At DO, the basal cells of the LE
appeared less compacted (Fig. 2a), consistent with a relaxation in
the force exerted on the wound edge. At D1, the LE cells were
elongated toward the wound centre (Fig. 2a), as previously
shown!®, consistent with the active migration of the LE cells
toward this point. At D4, basal cells far from the wound presented
a regular cuboidal/hexagonal shape (Fig. 2b). The density of basal
cells in the proliferative zone was increased, leading to a more
compressed cell shape (Fig 2b,d). In contrast, in the
non-proliferative zone, the basal cells were bigger, polarized in
the same direction, and elongated along an axis perpendicular to
the direction of the wound closure (Fig. 2b). This suggests that, at
D4 and thereafter, the movement of the LE is a passive process
possibly mediated by the proliferating cells (Fig. 2b). Consistent
with this notion, blocking epidermal cell proliferation by
5-fluorouracil (5-FU), which inhibited the re-epithelialization
process and WH (Fig. 2e), prevented the perpendicular
polarization of the LE at D4 (Fig. 2f). These data demonstrate
that the two distinct epidermal compartments, the proliferative
hub and the LE, present different cell shape and polarity that
change with time, likely reflecting the difference in the physical
forces that these different zones experience at the different stages
of WH.
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Figure 1 | Respective contribution of cell proliferation and migration during WH. (a) Representative immunostaining of K14 (red) and BrdU (green) in
whole-mount skin epidermis of the wounded region at the different time points. Dashed lines limit the wounded area, the LE and the proliferative hub. Scale
bar, 500 um. (b) Quantification of the percentage of BrdU positive cells according to the distance from the wound centre (n= 5,000 cells/region counted
from three different mice). (¢) Descriptive scheme showing the situation in the early days after wound and the localization of the two different areas around
the wound between 2 and 7 days after wound. (d) Measure of the width of the LE (orange line) and the proliferative hub (green line) overtime. Five
measures were taken per wound (n =3 mice). (e) Measure of the average wound radius overtime. Five different measures were taken per wound
(n=3 mice). (f) Measure of the distance between the nearest HF and the LE (red line) and the distance between the HF and the wound centre (blue line).

Five different measures were taken per wound (n=3 mice).

Molecular signature of LE and proliferation hub during WH.
To define the molecular features associated with the formation of
the proliferative hub and the LE, we performed transcriptional
profiling of different concentric rings of the wound using
different sizes of punch biopsy and fluorescence-activated cell
sorting (FACS) sorting. A first punch biopsy of 4 mm in diameter
around the wound was used to enrich for LE cells (spanning two
times 500 pm, the average width of the LE), and a second punch
biopsy (6mm) was enriched for the proliferative hub of the
wound (Fig. 3a; Supplementary Fig. 1). We performed a third
biopsy far from the wound corresponding to control normal
unwounded epidermis. We performed duplicate microarrays of
these three skin regions at D4 and D7 post-wounding. We found
genes upregulated in both wound regions at the two different
time points, which correspond to a generic wound-healing sig-
nature. This gene signature included genes regulating cell adhe-
sion (for example, Dsc2), cytoskeleton (for example, Krt6, Krt17),
inflammation (for example, 1124, 1133 S100a8/a9), cell signalling
(for example, Areg, Ereg, Emb, Epgn), (Supplementary Fig. 2a)
and cell cycle-related genes (for example, Ccna2, Ccnbl) (Supple-
mentary Fig. 2b). For some genes, such as Krt6 (refs 3,16-19), in
which expression was confirmed by immunofluorescence
(Supplementary Fig. 2c), 1124, S100a8/a9 or the EGFR ligands,
their role in the regulation of WH has previously been descri-
bed?*2%, In other cases, including Fscnl, Emb, Sprrib and Sprr2h,
genes were not known to be involved in skin WH.

We next defined which genes were preferentially upregulated
and downregulated in the LE as compared with the proliferative
hub (the LE signature) (Supplementary Fig. 2d-f). We found
that o«5-integrin was highly enriched in the LE signature
(Supplementary Fig. 2e); consistent with a previous study that
showed that oz5—inte%rin was expressed at the LE of human skin
explants ex vivo’*?’ and at the LE during eyelid closure,
a developmental process that involves epidermal cell migration®®,
reminiscent of the LE during WH. Whole-mount immuno-
staining confirmed the rapid upregulation of o5-integrin in the
non-proliferative cells of the LE in vivo (Fig. 3b). To refine the
molecular signature of the LE without contamination of
proliferative cells, we isolated o5-integrin positive cells from a
4mm punch biopsy by FACS at D4 following wounding
(Supplementary Fig. 3) and performed microarray analysis in
triplicates. These molecular analyses confirmed the preferential
expression of many of the previously described genes expressed
during WH, validating the approach used here and allowing for
the first time to distinguish the spatial localization of these genes
at the LE and/or in the proliferative hub. In addition, the gene
signatures of the proliferative and LE cells during wounding
uncover many novel genes not previously described during WH
and tissue regeneration (Fig. 3c—j). Gene Ontology Enrichment
(GO) analysis revealed that the genes upregulated in the
LE comprised genes regulating cell adhesion, cytoskeleton
organization, epidermal differentiation, cell migration and other
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Figure 2 | Modifications of cell polarity and cell shape during WH. (a) Representative confocal analysis of whole-mount epidermis stained for F-actin
with phalloidin (green) and B4-integrin (white) showing the different shape of basal (left) and suprabasal (right) cells at the LE O, 1 and 2 days after
wound compare to a control area. Arrows indicate the direction of the wound. Scale bar, 20 um. (b) Left and middle panels: representative confocal analysis
of whole-mounted epidermis stained for F-actin with phalloidin (green) and B4-integrin (white) showing the shape of the basal (left) and suprabasal
(middle) cells in the different regions, 4 days after wound. Right panel: immunostaining for BrdU (green) and K14 (red) in the different regions 4 days after
wound. (¢) Representative confocal pictures of whole-mounted epidermis immunostained for F-actin with phalloidin (green) showing the shape of the basal
and suprabasal keratinocytes in the control area, proliferative hub (2-3mm) and LE (0-2mm) 7, 10 and 14 days after wound. Nuclei are stained with
Hoechst (blue). Scale bar, 20 um. (d) Percentage of cell density at O, 4 and 7 days post wound in the proliferative hub normalized by a control area. Five
different measures were taken per wound (n =4 mice). (e) Measure of the wound radius after 5-FU topical treatment compared to control-untreated mice
(n=3 mice). (f) Representative confocal pictures of whole-mounted epidermis stained for F-actin with phalloidin (green) showing the elongated cells at
the LE in the untreated mice and the random orientation of the cells in the same area after 5-FU treatment. Nuclei are stained with Hoechst (blue).
Scale bar, 20 pm. Wound centre is at the bottom edge of the pictures.
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Figure 3 | Molecular signature of the proliferative hub and the LE during WH. (a) Scheme showing the strategy used to isolate the LE with a 4 mm punch
biopsy and the proliferative hub with a 6-mm-punch biopsy. (b) Representative maximum intensity projection of confocal pictures showing the
immunostaining of whole-mount epidermis with a5-integrin (red) and anti-BrdU (green) O, 2 and 4 days after wound. Note the expression of the
a5-integrin by the non-proliferative LE cells only. (¢) Gene ontology enrichment in the LE 4 days after wound (n=3). (d-j) LE signature. List of genes
upregulated in the a5-integrin positive cells of the LE compared with the proliferative hub (n=3). These genes are implicated in cell migration (d),
inflammation (e), cell adhesion (f), transcription (g), ECM composition (h), cytoskeleton and actin regulators (i) and cell signalling (§).

processes involved in WH (Fig. 3¢c). The most upregulated genes
of the LE signature were genes coding for proteins regulating cell
migration including several metalloproteinases (MMPs) (Mmp9,
Mmpl3, Mmplb) (Fig. 3d), whereas Timp3, an inhibitor
of metalloproteinase, was the most downregulated gene
(Supplementary Fig. 2f), suggesting that the high level of MMPs
expressed by the cells of the LE promote the remodelling of the
ECM at the wound front allowing the front cells to progress
toward the centre. MMPs also help the breakdown of the hemi
desmosomes that anchor the cells at the basal membrane and are
therefore essential for the movement of basal cells. MMPs

deletion in flies and mice results in wound-healing defects due to
defective cell elongation, cytoskeleton and basal membrane
remodelling as well as cell migration?*33, The migrating zone
also expressed high level of urokinase (Plau) and plasminogen
activator (Plaur) (Fig. 3e), two key fibrinolytic proteins
contributing to the remodelling of the blood clot during WH?3%.
The LE also expressed high level of Ephb2 and Efnbl (Fig. 3d), a
receptor and its ligand, which have recently been shown to
control WH?>? as well as other genes such as Cxcr4, C5arl, Myh9,
Procr, Wnt5a, Elk3 (Fig. 3e,g,i,j), which regulate cell migration in
other cellular contexts. We found that Inhibin-fa, a subunit of
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Activin A was overexpressed preferentially at the LE (Fig. 3j),
in good accordance with in-situ hybridization of Inhibin-fa
during WH?® and the previously reported role of Activin A
during WH in mice®’ 42,

Our LE signature encompassed many genes controlling cell
adhesion, including several protocadherins (Pcdh7, Pcdhbl9,
Pcdhgal) (Fig. 3f), integrins (Itga5, Itga6) (Fig. 3f) and some of
their ECM ligands (Fnl, Lama3, Lamb3, Lamc2) (Fig. 3h),
desmosomes (Cdsn)*® and gap junction proteins (Gjb6/Cx30 and
Gjb2/Cx26) (Fig. 3f). Corneodesmosin (Cdsn), a desmosome
protein of the wound edge signature (Fig. 3f) was reported to be
expressed using transgenic reporter mice in the wound edge and
in the inner root sheath (IRS) of the hair®%.

Many genes controlling cell cytoskeleton and actin remodelling
including actin regulators (Fscnl, Caldl, Nav2, Fmnl2), myosin
(Myolb, Myo5b, Myh9, Tpml, Tpm2) and tubulin (Tubb2a,
Tubb3, Tubb6), were preferentially overexpressed at the LE
(Fig. 3i), and Tubb6 was previously shown to be upregulated
during wounding!®. These genes may control the morphology,
polarity, rigidity of the cell cortex and migration during WH.

Several genes that might regulate the quiescence of the LE
surfaced from the microarray analysis. Gprc5a, an orphan G
protein coupled receptor, acting as tumour suppressor genes in
the lung by negatively regulating EGFR and Stat3 signalling>~*7,
was strongly upregulated at the LE (Fig. 3j.). The upregulation of
E2f7 (ref. 48) or Fgfl8 (ref. 49), genes that promote cell
quiescence in other contexts may also contribute to shut down
of proliferation in the wound LE (Fig. 3g,)).

Spatiotemporal expression of the LE signature during WH.
Immunostaining performed against several of these newly
identified markers of the LE signature including cell adhesion,
receptor and cytoskeleton proteins (Flrt2, Gprc5a, Tubb2, Myolb,
Itga5) confirmed their preferential enrichment at the LE of the
wound as predicted by our microarray analysis (Fig. 4a—e). Itga5
was expressed preferentially in the basal cells of the LE (Fig. 4a).
Flrt2, a repulsive guidance protein that regulates the migration of
neuronal progenitors during embryonic development®® was more
expressed in the cells of the wound edge than in the proliferation
zone, but was not present in the normal skin epidermis (Fig. 4b).
Gprc5a was expressed at the LE of the wound at D4 (Fig. 4¢c), and
similarly to Cdsn*4, Flrt2 or Tubb2, to the IRS or precortex cells
of the HFs (Fig. 4b-d; Supplementary Fig. 4a—c). Myosin 1b,
a tension-sensitive myosin was also expressed in all cell types of
the LE (Fig. 4e), which by regulating actin foci stability, controls
cell migration or repulsion. Myosin 1b was also expressed in the
bulge and outer root sheath (ORS) of the HFs (Supplementary
Fig. 4d). The expression of all these newly identified molecular
markers of the wound LE signature decreased overtime and at
D14 post-wound, when the opposite margin of epidermal cells
fused together, these markers were not expressed anymore
(Fig. 4a—e). These data demonstrate the transient nature of this
wound LE structure.

Uncoupling proliferation and differentiation during WH. To
gain further insights into the mechanisms that specify these two
distinct regions, we determined whether the fate and the differ-
entiation programme of the LE are linked to cell division, by
assessing the impact of blocking cell proliferation on the fate of
LE cells. Topical application of 5-FU, which strongly decreased
epidermal cell proliferation, did not prevent or impair the
expression of LE markers (Fig. 5a-c), demonstrating that the
particular differentiation programme of the LE is specified
independently of cell division.

6

As inflammation pla?/s an important role in orchestrating the
early step of WHL>L we assessed the impact of blocking
inflammation on these two distinct epidermal compartments
during re-epithelialization. Interestingly, treating the wounded
mice with dexamethasone, a potent anti-inflammatory drug,
reactivate proliferation in the LE without impairing its particular
gene expression signature (Fig. 5d-g) demonstrating that, the
LE-specific gene signature is not associated with terminal
differentiation (Fig. 5f,g). These data show that glucocorticoid
treatment suppresses a negative regulator of cell cycle acting on
the LE. As glucocorticoid can also directly act on keratinocytes®?,
this negative regulator may originate either from the
keratinocytes or from the inflammatory cells and the
granulation tissue. Although, these data do not allow to
discriminate whether the inhibition of proliferation at the LE is
regulated by an intrinsic or an extrinsic mechanism, these results
provide compelling evidence that the LE-specific cellular
quiescence and gene expression signature can be functionally
and molecularly uncoupled.

Clonal analysis of IFE SC during WH. To follow the progeny of
the basal epidermal cells, and study their cellular dynamics at the
single cell level, we performed clonal analysis on KI4CREER/
Rosa Confetti mice targeting preferentially IFE SCs'? (Fig. 6a).
We administrated Tamoxifen (TAM) 14 days before wounding
and analysed the respective clonal contribution during the
healing process (Fig. 6b). At the end of the re-epithelialization,
K14-labelled cells gave rise to long streaks of labelled cells
directed toward the LE of the wound (Fig. 6c—e). With a clone
merger probability estimated at roughly 5% (Fig. 6f;
Supplementary Note 1), we deduced that streaks labelled with
the same fluorescent protein were clonal in origin, derived from
single SCs. The clonal lines were often interrupted by unlabelled
cells (Fig. 6d,e), suggesting that a cycle of active SC proliferation
followed by cell intercalation from neighbouring clones (or clonal
fragmentation) occurs repetitively during WH. Interestingly, all
of these fragmented clonal streaks originate from the proliferative
hub previously described (Fig. 6g). Quantification of the clonal
persistence revealed that more than 90% of IFE-labelled clones
were lost during the first week following wounding (Fig. 6h),
consistent with the majority of progenitors maintaining
homoeostatic behaviour, leading to a progressive decrease in
the labelled cell fraction!>3>%, Importantly, this clonal dynamic
contrasts with that reported for oesophagus, where repair seems
to involve a switch of progenitors to a proliferative mode of
division®, or following in vitro culture of human keratinocytes®.
Consistent with a major increase in the rate of terminal
differentiation, as measured by clonal persistence, the epidermal
thickness increased during the same period (Fig. 6i).

Three-dimensional analysis of labelled clones revealed that, in
contrast to clones in the control regions that are composed of
stacks of cells that lie on the top of each other (Fig. 6j), at D4
K14CREER IFE SCs gave rise to basal and suprabasal cells that
migrate toward the wound edge (Fig. 6k). The restriction of the
basal footprint of the clone at the trailing edge suggest that
marked SCs undergo predominantly asymmetric cell division,
giving rise to a steady production of progenitors. Interestingly,
despite the high rate of proliferation observed in the first days
following wounding, at this time point, K14CREER clones are not
on average bigger as compared to D0, suggesting that the effect of
SC renewal is not yet observed at the population level.

By D14, most of the persisting K14CREER clones became
enlarged in their basal attachment and were composed of a
majority of suprabasal cells (Fig. 61), while others formed long
streaks of basal cells and suprabasal cells (Fig. 6m), suggesting
that these clones produced an increased number of basal
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Figure 4 | Spatiotemporal expression of the LE signature during WH. (a) Representative immunofluorescence of a5-integrin (green) on skin section
showing a strong and transient expression of Itga5 in the basal cells of the LE at D1, D4 and D7 after wound. (b) Representative immunofluorescence of
FIrt2/3(green) on skin section showing its expression in the proliferative hub and the LE in basal and suprabasal cells from 1 to 7 days after wound and
progressively decreasing 10 and 14 days after wound. (¢) Representative immunofluorescence of Gprc5a (green) on skin sections showing its
overexpression in the basal and suprabasal cells at the LE at the different time points. (d) Representative immunofluorescence of Tubb2 (green) showing its
higher expression in the suprabasal cells both in the proliferative hub and the LE after wound. (e) Representative immunofluorescence for Myolb (green)
showing positive signal in the cells of the LE from D1 to D7. In all the pictures from a-e K14 is in red and the nuclei are stained with Hoechst (blue).

Scale bar, 20 pm.

progenitors leading to basal cell expansion. Interestingly, these
streaks originate from a minority (>1%) of K14CREER-induced
cells and seem to be responsible for only part of the wound
regeneration (for details see Supplementary Note 1).

It has been proposed that, during wounding, differentiated
suprabasal cells can revert back to a progenitor state and actively
contribute to repair®’>>, To test this possibility, we administrated
TAM to InvCREER/RosaYFP that labelled suprabasal cells and
rare basal cells (Supplementary Fig. 5a,b), performed a punch
biopsy and analysed the contribution of labelled suprabasal cells
during wounding. Ten days after wounding, most of the lineage
labelled suprabasal cells had been shed from the skin surface or
remained present as spinous or granular cells. Despite the high
frequency of suprabasal cell labelling, we found only very rare
basal cells initially targeted by the InvCREER, and these
contribute minimally and transiently to the wound repair as
previously described”. We found no evidence that suprabasal cells
can revert back to a progenitor-like state, as the density of basal
cells contributing to the wound repair is much lower compared to
that of basal cells labelled at induction (Supplementary Fig. 5a,b).
These data suggest that dedifferentiation of differentiated
suprabasal cells does not contribute to WH in the tail epidermis.

Clonal analysis of infundibulum SC during WH. To assess
whether different types of SCs arising from distinct epidermal
regions present different clonal dynamics during WH,
we performed clonal analysis on Lrigl CREER/Rosa Confetti mice
targeting the upper HF SCs that include cells from the
infundibulum, junctional zone and sebaceous gland, and that
have been shown to contribute to WH?® (Fig. 7a,b). At D14, most
of the Lrigl-labelled cells give rise to long streaks of progeny from
the infundibulum to the LE (Fig. 7c) with the clones presenting
the same fragmentation reported for the K14 tracing (Figs 6d,e
and 7c). The 3D reconstruction showed that the Lrigl clones,
starting from D7, had an analogous cellular composition as the
K14 with long streak of basal and suprabasal cells emanating
from the infundibulum and directed toward the wound centre

(Fig. 7d-1).

Similar clonal dynamic of different epidermal SCs during WH.
To gain further insight into the clonal dynamics of the IFE
and the HF-derived SCs populations, we used a previously
validated biostatistical framework®! to infer with high
confidence the number of cells and cellular composition of
clones (basal versus suprabasal cells) arising from single K14 and
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Figure 5 | Mechanisms regulating the formation of the LE during WH. (a) Maximum intensity projection of representative confocal pictures of untreated
(control) and 5-FU-treated mice (right). Scale bar, 500 pm. (b) Quantification of the percentage of BrdU positive cells in the LE (0-2 mm) and the
proliferative hub (2-3 mm) of untreated (control) and 5-FU-treated mice (**P=0.0079 by Mann-Whitney test, n=>5 mice). (¢) Representative
immunostaining of skin sections showing the presence of the a5-integrin, Myolb and Gprc5a (green), and K14 (red) at the LE in normal wound and after
5-FU treatment. Scale bar, 10 um. (d) Maximum intensity projection of representative confocal pictures showing whole-mounted epidermis stained for
a5-integrin (red) and BrdU (green) 4 days after wound under normal condition (left) and after anti-inflammatory treatment with dexamethasone (right).
Scale bar, 500 um. (e) Quantification of the percentage of BrdU positive cells in the LE (0-2 mm) and the proliferative hub (2-3 mm) of untreated and
dexamethasone-treated mice (**P= 0.0079 by Mann-Whitney test, n=>5 mice). (fg) Representative immunostaining on skin sections showing the
expression of the a5-integrin, Myolb (green) and K14 (red) (f), and the expression of a5-integrin, Gprc5a (green) and Ki67 (red) (g) at the LE in untreated
and dexamethasone-treated mice. Scale bar, 10 um.
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Figure 6 | Clonal analysis of IFE SC and progenitors during WH. (a) Genetic labelling strategy used to trace K14 IFE progenitors during WH. (b) Time line
of the wound experiment. K14CREER/RosaConfetti mice were induced with Tamoxifen at 2 months of age and wounded 2 weeks after. The samples were
collected 0, 4, 7, 10 and 14 days after wound. (¢, d) Maximum intensity projection of representative confocal pictures showing K14CREER clones O days
(¢) and 14 days (d) after wound. (e) Maximum intensity projection of a representative confocal picture showing whole-mounted wounded epidermis from
K14CREER RosaConfetti 14 days after wound. Scale bar, 500 um. (f) Frequency of mergers calculated for each confetti colour. (8) Representative scheme
showing the position of the clones (coloured dots) in the proliferative hub (grey area) 4 days after wound and the streaks they form 14 days after wound
(coloured lines). (h) Quantification of the percentage of K14CREER surviving clones overtime after wound showing the massive loss of basally attached
clones between day O and day 4 post wound. (i) Measure of the thickness of the epidermis in the proliferative hub 0, 4, 7, 10 and 14 days after wound.
(j-m) 3D reconstruction using Imaris software of representative K14CREER RosaConfetti CFP clones imaged by confocal microscopy during WH. To identify
the basal cells attached to the basal lamina, samples were stained for b4 integrin (white). In the control unwounded area (j), suprabasal cells are found on
the top of basal cells. The picture shows a clone composed of 11 cells, 4 basal and 7 suprabasal cells. In contrast, during healing, the newly produced
suprabasal cells are migrating on the top of basal cells toward the wound centre (on the right) (k-m). In k, the clone has the same size as the control
(11 cells) but has more suprabasal cells (9 suprabasal and only 2 basal cells). The clone at D14 shown in | has expanded to reach 39 cells in total (4 of them
are basal cells). In m, another clone by contrast expanded basally (83 total cell size, 33 basal cells) at D14 post wound. Arrows indicate cell movement.
Scale bar, 20 pm.
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Lrigl CREER/Rosa Confetti-targeted cells (Fig. 8a-e; Supplemen-
tary Note 1). To define how SCs balance proliferation and
differentiation in the proliferative hub surrounding the wound
edge, we analysed the clonal composition of KI4 and
Lrigl CREER/Rosa Confetti-derived clones from DO to D14 after
wounding. From D4 to D14, the basal size of clones of both K14
and Lrigl CREER grew remarkably linearly (Fig. 8a,c). At first
sight, this behaviour could indicate neutral competition, as has
been reported for uninjured epidermis'>2. However, adapting
the standard model of balanced stochastic progenitor cell fate, the
observed rate of increase in the average basal size would translate
to an unreasonably fast cell cycle time of >6h. Rather,
in this case, the linear increase indicates the labelling of an
asymmetrically dividing subpopulation that drives the basal
expansion through the steady production of progenitors
(Supplementary Note 1). On the basis of the quantitative clonal
analysis, we find that the data are consistent with a proliferative
hierarchical model in which, during WH, a putative SC
population at the apex divide perfectly asymmetrically giving
rise to self-renewing progenitors in which the frequency
of symmetrical duplication is balanced by symmetrical
differentiation (Fig. 8f). Indeed, the existence of a persistent
(SC) and a transient (progenitor) basal subpopulation might
explain the fragmentation of clonal streaks. From the modelling
of the clonal dynamics, we found that such model indeed predicts
not only the increase in average basal clone size (Fig. 8c) but also
recapitulates the detailed distributions of basal clones sizes in the
K14CREER assay (Fig. 8d; Supplementary Note 1). Notably, such
a hierarchical model coincides with that inferred from the study
of homoeostatic turnover of interscale epidermis, but where the
proliferation rate of SCs and progenitors have been massively
increased>*. Surprisingly, the conserved linearity of the average
basal clone size and the shape of the size distribution suggested
that Lrigl CREER targets SCs belonging to the same hierarchy as
that targeted by K14CREER, but where a burst of proliferative
activity at the earliest stages of regeneration expands the average
number of SCs in each clone (Fig. 8c-f; Supplementary Note 1).
Altogether, these data suggest that, irrespective of the epidermal
origin, the regenerative stage of WH involves a sustained increase
in proliferative activity of a minority of SCs, while keeping the
fate behaviour and lineage relationship of SCs and progenitors
largely unperturbed from their homoeostatic dependences.

Discussion
Our study uncovers the clonal dynamics and individual
contribution of SCs coming from different epidermal

10

compartments during skin WH in mice. In contrast to what
has been proposed for oesophagus repair and the growth of
human keratinocytes in vitro>>>°, our data show that WH does
not increase the self-renewal capacities of progenitors, but rather
leads to their massive depletion as proliferation increases.
The repair of the skin epidermis does not induce a change in
the cellular hierarchy of SCs and progenitors, or a change in the
balance between renewal and differentiation but rather involves
an increase in the proliferation rate of a small population of SCs
that gives rise to progenitors upon asymmetric division leading to
a linear increase in the individual clone size over time.
Interestingly, IFE and infundibulum SCs present very similar
clonal dynamics during wound repair, despite the fact that they
are recruited from different regions of the epidermis.

Our study confirms the existence of two distinct epidermal
zones during wound repair; a proliferative hub composed of the
IFE and HF-derived SCs and their progeny and a LE composed of
non-proliferative cells®, and uncovers the timing, gene expression
signature and mechanisms that specify these two distinct
compartments during WH (Fig. 9). We propose that the
non-proliferative LE of the wound acts as a scaffold allowing a
harmonious healing process, by creating a platform secreting high
level of enzymes that remodel the surrounding ECM and fibrin
clot allowing tissue regeneration to progress toward the centre of
the wound and protecting the SCs and their progeny from the
immediate vicinity of the wound front and infection.

A similar wound margin structure with elongated migrating
cells has been described during the early stages of WH following
incisional wound in humans®’, supporting the notion that this
mode of wound repair has been conserved during evolution.
Further functional studies will be needed to refine the respective
role of the genes identified here in the LE signature. The high
level of expression of several of these genes in patients with
chronic ulcers®*%> suggests that defects in the formation and/or
function of this structure may induce wound-healing problems
leading to chronic ulcer formation.

Methods

Mice. K14CREER transgenic mice were provided by Fuchs®. Lrigl-CreERT2 mice
were a kind gift from Jensen®. Involucrin-CreERT2 were previously described!?.
Rosaconfetti mice were provided by Clevers®®. Rosa YFP® mice were obtained from
Jackson Laboratory. All animals were mixed strains. 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 colonies were maintained in a certified animal facility in
accordance with European guidelines. The experiments were approved by the local
ethical committee (CEBEA).
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Figure 8 | Distinct epidermal stem cells present similar clonal dynamic during WH. (a,b) Clone size distribution showing the number of basal cells
(a) and the total number of cells (b) per clone counted in K14CREER and LrigICREER RosaConfetti mice. (¢) Average number of basal cells per clone in
K14CREER (red) and LrigICREER (blue) clones. Solid lines are model predictions. The linear growth of both populations suggests that the stem cells fate
outcomes are balanced but Lrigl SCs achieved at the beginning one more symmetric division initially than K14 SCs. (d,e) Cumulative frequencies of
K14CREER (d) and LrigICREER (e) basal clone size at different days after wound (dots). Solid lines give the model prediction and shaded areas denote the
uncertainty of the model given the experimental data (95% confidence intervals). (f) Model of SC and progenitors cell fate outcome in IFE for K14 (left) and
Lrigl (right) populations during WH. K14-targeted SCs (red, left panel) divide asymmetrically 1.8 (+0.6; — 0.3) times per day and give rise to progenitors
(grey, left panel) that divide 1.3 (+1.1; —0.6) times per day which then give rise to differentiated cells following a balanced cell fate outcome.
Lrigl-targeted SCs (red, right panel) achieve initially one symmetrical division and then asymmetrical divisions giving rise to progenitors (left grey)

which follows the same cell fate outcome as described for K14 SCs.

Targeting Confetti or YFP expression in wound experiments. For lineage
tracing experiment, K14CreER/RosaConfetti, Lrigl-CreERT2/RosaConfetti and
Involucrin-CRERT2/Rosa-YFP male and female adult (between 2 and 6 months
old) mice were induced at 2 months with 0.03mgg !, 0.27mgg~! or
0.08mgg~ ! of TAM (Sigma-Aldrich), respectively, by intra-peritoneal (IP)
injection. For K14-CreER and Lrigl-CreERT?2 tracing, 2 weeks after TAM

NATURE COMMUNICATIONS | 8:14684 | DOI: 10.1038/ncomms14684 | www.nature.com/naturecommunications

induction, mice were anesthetized (5% xylazine 10% ketamine in PBS) and circular
pieces of epidermis were removed from the tail epidermis using a 3 mm
diameter biopsy punch (Stiefel, Ireland). For Involucrin-CRERT2/Rosa-YFP mice
the wound was performed 4 days after TAM injection to analyse the contribution
of suprabasal cells. Each mouse was subjected to three different punches in the tail
and at least five mice per time points were analysed.
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Figure 9 | Model of WH in mice. Cartoons representing the different steps
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preferentially during wounding are highlighted. The arrows represent the
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Proliferation experiments. For BrdU experiments, CD1 male and female adult
(between 2 and 6 months old) mice were wounded, injected with one single
injection IP of BrdU (50 mgkg ~ ! in PBS) at the different time points and killed 4 h
after. For the quantification at least an area of 1.5 mm? per region per wound was
analysed with Imaris software (Bitplane) to determine the percentage of BrdU
positive cells.

Epidermal whole-mount and immunostaining. Pieces of skin tail surrounding
the wound were incubated in PBS/EDTA (20 mM) on a rocking plate at 37 °C for
1h. Epidermis was separated from the dermis using forceps as an intact sheet and
washed two times with PBS. Pieces of epidermis were pre-fixed in 4% paraf-
ormaldehyde for 1h at room temperature. Epidermis were rinsed two times with
PBS for 5min and conserved in PBS with 0.2% azide at 4 °C. For the immuno-
fluorescence staining, the entire pieces of epidermis were incubated in blocking
buffer (1% BSA, 5% horse serum, 0.8% Triton in PBS) for 3h at room temperature
on a rocking plate (100 r.p.m.). The samples were incubated in primary antibodies
overnight at 4 °C. The primary antibodies used were the following: anti-Integrinf4
(rat, 1:200, BD Biosciences), anti-K14 (chicken, 1:2,000, custom batch, Thermo
Fischer), anti-GFP (rabbit, 1:200, Molecular Probes). Samples were then washed
three times in PBS with 0.2% tween during 1h and incubated in appropriate
secondary antibodies diluted 1:400 in blocking buffer for 1h at room temperature
on the rocking plate. For BrdU staining, samples were incubated in HCl 1 M at
37 °C for 45 min, washed with PBS 0.2% tween, stained with anti-BrdU (rat, 1:200,

Abcam) in blocking buffer and with appropriate secondary antibody. The following
secondary antibodies were used: anti-rat, anti-chicken, anti-rabbit conjugated to
AlexaFluor488 (Molecular Probes), to Rhodamine Red-X or to Cy5 (Jackson
Immuno Research). Alexa488-conjugated phalloidin (Life Technologies) was used
1:200 in blocking buffer to visualize F-actin microfilaments. Nuclei were stained in
Hoechst solution diluted 1:5,000 for 30 min and mounted in DAKO-mounting
medium supplemented with 2.5% Dabco (Sigma). Immunostaining pictures of the
whole mounts presented in the figures are representative images of at least five
different experiments.

Microscope image acquisition and measurements. All pictures of section
immunostaining were acquired using the Axio Imager M1 Microscope, the
AxioCamMR3 or MrC5 camera and using the Axiovision software (Carl Zeiss).
Acquisitions were performed at room temperature using X 20 numerical aperture
(NA) 0.4 (Carl Zeiss). All confocal images were acquired at room temperature with
a LSM780 confocal system fitted on an AxioExaminer Z1 upright microscope
equipped with C-Apochromat x 40/1.1 or Plan Apochromat X 25/0.8 water
immersion objectives (Zeiss, Iena, Germany). Optical sections 512 x 512 pixels
were collected sequentially for each fluorochrome. The data sets generated were
merged and displayed with the ZEN2012 software (Zeiss). 3D reconstitution
images were processed using Imaris (Bitplane) software.

Histology and immunostaining on sections. Skin epidermis was removed from
tailbone, embedded in OCT and kept at — 80 °C. Sections of 6 pm were cut using a
CM3050S Leica cryostat (Leica Mycrosystems). After fixation in 4% paraf-
ormaldehyde for 10 min at room temperature, tissues were washed three times in
PBS for 5min and incubated in blocking buffer (1% BSA, 5% Horse serum, 0, 2%
Triton in PBS) for 1 h at room temperature. Primary antibodies were incubated
overnight at 4 °C. Sections were rinsed three times in PBS and incubated with
secondary antibodies and Hoechst in blocking buffer for 1 h at room temperature.
Sections were again washed three times with PBS. The following primary anti-
bodies were used: anti-K14 (chicken, 1:20,000, custom batch, Thermo Fischer);
anti-K6 (rabbit, 1:6,000, Covance), anti-Flrt2/3 (rabbit, 1:100, Sigma); anti-Gprc5a
(rabbit, 1:100, Sigma); anti-Myolb (rabbit, 1:100, Sigma) and anti-o5-integrin
(PE-conjugated rat, 1:200, BD or rabbit, 1:200, Abcam). For the anti-Tubb2 (rabbit,
1/1,000, Abcam) staining, fixation was performed in methanol at — 20 °C for
2.5min and the rest of the protocol was performed as described. The following
secondary antibodies were used diluted to 1:400: anti-rabbit, anti-rat, anti-chicken
conjugated to Alexa Fluor 488 (Molecular Probes), to rhodamine Red-X (Jackson
Immunoresearch) or to Cy5 (Jackson Immunoresearch). Nuclei were stained in
Hoechst solution (1:2,000) and slides were mounted in DAKO-mounting medium
supplemented with 2.5% Dabco (Sigma). Immunostaining pictures of the skin
sections presented in the figures are representative images of at least five different
experiments.

Dissociation of epidermal cells and cell sorting. The dermis and epidermis were
removed from the tail bone and micro dissection was performed using two
different sizes of punch biopsy: one punch of 4 mm in diameter was done, around
the wound of 3 mm in diameter, to remove the LE zone and one punch of 6 mm in
diameter was used to remove the proliferative centre, at D4 and D7 after wound.
Another piece of skin was taken, as control, from a region far from the wounded
area. The two replicate samples at each time points were a pull of five CD1 mice.
The samples were incubated in HBSS (Gibco) 0,25% trypsin (Gibco) at 37 °C until
the epidermis was separated from the dermis (30 min). Epidermis was then
incubated on a rocking plate (100 r.p.m.) at room temperature for 5min. Basal cells
were mechanically separated from the epidermis by flushing 10 times under the
epidermis. Tissues were then cut in small pieces with a scalpel and incubated again
for 5min on a rocking plate (100 r.p.m.) at room temperature. Trypsin was then
neutralized by adding DMEM medium (Gibco) supplemented with 2% Chelex
Fetal Calf Serum (FCS) and the cells were mechanically separated by pipetting 90
times and filtrated on 70 pm filter (Falcon). Cells were incubated in 2% FCS/PBS
with primary antibodies for 30 min on ice, protected from the light, with shaking
every 10 min. Primary antibodies were washed with 2% FCS/PBS and cells
incubated for 30 min in APC-conjugated streptavidin (BD Biosciences), on ice,
with shaking every 10 min. Living epidermal cells were gated by forward scatter,
side scatter and negative staining for Hoechst dye. For the first microarray
analysis, basal IFE and infundibulum cells were stained using PE-conjugated
anti-a6-integrin (clone GoH3; 1/200, ebioscience) and bulge cells were stained with
biotinylated CD34 (clone RAM34; 1:50, BD Biosciences). Basal cells from the IFE
were targeted using CD34 negative and a6-integrin positive gating. For the second
microarray analysis, FITC-conjugated anti-a6-integrin (CD49f) (clone GoH3:
1:200, ebioscience) and PE-conjugated anti-o5-integrin (CD49e) (clone 5H10-27,
1:200, BD Bioscience) and biotinylated CD34 antibodies were used. The cells were
sorted using CD34 negative a6-integrin positive o5-integrin positive gating. Before
sorting, the cells were filtered again on 70 pm filter (Falcon). Fluorescence-activated
cell sorting analysis was performed using FACSAria I at high pressure (70 psi) and
FACSDiva software (BD Biosciences).

Microarray analysis. Sorted cells (300 cells per sample) were collected directly in
45 pl of lysis buffer (20mM DTT, 10 mM Tris-HCI pH 7.4, 0.5% SDS, 0.5 ugpl ~ 1
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proteinase K). Samples were then lysed at 65 °C for 15 min and frozen. RNA
isolation, amplification and microarray were performed in the Functional
Genomics Core, Barcelona. cDNA synthesis, library preparation and amplification
were performed as described”’. Microarrays were then performed on Mouse
Genome 430 PM strip Affymetrix array at IRB Functional Genomics Core
(Barcelona, Spain). The data were normalized using RMA algorithm. The entire
procedure was repeated in three technical independent samples. Genetic signatures
were obtained by considering genes presenting a fold change greater or smaller
than 2 or — 2, respectively, in each replicates. The accession number for the
microarray data are GEO: GSE76795 and GSE93638.

5-FU and dexamethasone experiments. For the 5-FU experiments, mice were

treated shortly after wound surgery with Efudix 5% cream (Meda Pharma) applied
topically on the upper part of the tail three times per day until the sacrifice. For the
dexamethasone experiments, dexamethasone powder (Sigma) was resuspended at
1 mgml~ ! in ethanol 100% and diluted 5 x in sterile PBS. The mice were injected
intraperitoneally once per day at the dose of 1 mgkg ~!. The treatment started 2
days before the wound surgery and was sustained until the end of the experiment.

Data availability. Data supporting the findings of this study are available within
the article (and its Supplementary Information files) and from the corresponding
author on reasonable request. The accession number for the microarray data are
GEO: GSE76795 and GSE93638.
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Supplementary Figure 1. FACS strategy used to isolate basal cells from the LE and the prolife-
rative hub 4 and 7 days after wound.

Representative FACS plots showing the strategy used to isolate basal cells from the LE and the Prolife-
rative hub. 4 and 7 days after wound, pieces of tail skin located far from the wound (control) and
surrounding the wound obtained with the 6mm (proliferative hub) and the 4mm (leading edge) punches
were dissociated by enzymatic and mechanical separation. Isolated epidermal cells were stained with a
6 integrin and CD34 antibodies. Single living cells were gated by debris exclusion (P1), DAPI exclusion
(P2), doublet elimination (P3) and basal IFE a6"9" CD34"9 cells were sorted (P4).
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Supplementary Figure 2. Gene expression in the proliferative hub and leading edge as a wound
signature.

a-b, Relative expression measured by microarray of genes upregulated in both proliferative hub and LE
4 and 7 days after wound. These genes are implicated in cell adhesion and cytoskeleton, cell signaling,
inflammation (a) or cell cycle regulation (b). The fold changes are presented over the control (n=2). ¢
Immunofluorescence showing the expression of K6 (green) and K14 (red) on sections of epidermis in
the proliferative hub and the leading edge 4 and 7 days after wound. Scale bar = 20pum. d-e, Relative
expression measured by microarray of genes more specifically up regulated in the leading edge com-
pared to the proliferative hub 4 and 7 days after wound. The genes are implicated in cell migration, cell
signaling, transcription, inflammation (d) as well as cell adhesion and cytoskeleton (e). The fold chang-
es are presented over the control (n=2). f, Relative expression of genes down regulated in the leading
edge compared to the proliferative hub 4 and 7 days after wound. The fold changes are presented over
the control (n=2).
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Supplementary Figure 3. FACS strategy used to isolate LE basal cells using their a5 integrin
specific expression 4 days after wound.

Representative FACS plots showing the strategy used to isolate LE basals cells based on a5 inte-
grin expression. 4 days after wound, pieces of tail skin located far from the wound (control) and
surrounding the wound obtained with the 4mm punch were dissociated by enzymatic and mechani-
cal separation. Isolated epidermal cells were stained with a5 integrin, a6 integrin and CD34 antibo-
dies. Single living cells were gated by debris exclusion (P1), DAPI exclusion (P2), doublet elimina-
tion (P3). Within the a6"9" CD34"¢ gate (P4), basal IFE cells were sorted according to their a5
integrin expression.
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Supplementary Figure 4. Expression of the LE markers in the hair follicle.

a-d, Immunofluorescence of the wound markers (green) in normal unwounded skin. FIrt2/3 is
expressed in the inner root sheath (IRS) of the normal hair follicle (a), Tubb2 and Gprcb5a are
expressed in the precortex medulla (b-c) and Myo1b is expressed in the bulge outer root sheet
(ORS) (d). In all the pictures K14 is in red and the nuclei are stained with Hoechst (blue). Scale bar
=50um.
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Supplementary Figure 5. Suprabasal cells do not revert back to basal cells during WH.

a, Maximum intensity projection of representative confocal pictures showing YFP immunostaining
performed on whole-mount of wounded tail epidermis 4 days after TAM administration to
InvCREER/RosaYFP mice and analysed at different times following wounding. Most of the Inv
suprabasal cells are lost during the healing process. Scale bar = 500um. b, Representative confo-
cal pictures of YFP (green) and K14 (red) expression in InvCREER/RosaYFP mice in whole mount
immunostaining at the different time points following wounding, showing the departure of the
suprabasal Inv YFP labelled clones from the IFE. Scale bar = 20um.
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Supplementary Note 1

In this Supplementary Note we present further details of the biophysical and statistical approach
used to infer the lineage hierarchy and proliferation kinetics of progenitors involved in skin wound
healing. By taking into account the potential frequency of mergers we estimate the fraction of
K14CREER cells contributing to wound healing. We then make use of stochastic modelling ap-
proach to infer the simplest model which is capable of describing the broad range of clonal dy-

namics observed in experiment.

Fraction of K14CREER progenitors contributing to wound healing

We begin our analysis by determining the fraction of K14CREER cells contributing to skin regen-
eration. To this end we first note that if labelling of K14CREER cells is statistically independent
and representative this fraction is equal to the fraction of labelled K14CREER cells contributing
to the wound. Denoting by n the number of labelled clones involved in wound healing and by
N the total number of labelled clones that are capable of wound healing this fraction is given by
f =n/(mN). Here, m is the average number of basal cells in KI4CREER clones. For the purpose
of this analysis we define clones that contribute to wound healing as unicolour stripe-like structures
that radially extend from the tissue surrounding the wound towards the centre of the wound. As
the wound in most samples is closed at day 14 post wounding the number of stripes in a given
wound is a proxy for n. The analysis of the experimental data is complicated by the relatively high
induction frequency and the possibility that a given stripe is the merger of two different clones. To

correct for possible merging events we therefore calculate the probability of merging for stripes of
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a given colour c. If induction and stripe formation are each statistically independent and uniformly
distributed around the wound the probability that neighbouring stripes are located at a distance d

is g(d) = p.exp(—p.d), where p, is the density of stripes of colour ¢ . Then, if w is the typical

c
unicolour

width of stripes, the probability that nearest neighbours overlap is G =1 —exp(p.w). If the
density of stripes is low, p. < 1, we can approximate the merging probability by expanding the

exponential,
lcmicolour ~ pw . (1)
As we do not know p. we proceed by investigating merging events of stripes in different colours.

The probability that clones of different colours merge is equal to the probability of mergers between

any two colours times the probability that two stripes are of different colour,

G1bicolour = ProtW (1 - Z T?) (2)

C

Here, r. is the relative frequency of colour ¢, which we can calculate from relative colour abun-

dances in the control region and py = ZC pe- We can solve this equation for w and substitute into

c
unicolour

the expression for GG to obtain

~

c ~ G’bicolour & (3)
unicolour 1— Zc 7"2 Drot
The second fraction on the right hand side is the ratio of the density of stripes labelled in colour ¢

and the total density of labelled stripes. This ratio is equal to the relative recombination frequency

of colour p./pw = 7e, and it can therefore be calculated from the control region.

To infer the frequency of mergers of a given colour we still need to calculate the fraction of bicolour
mergers, Ghicolours from the experimental data. This fraction is simply the number of bicolour

2
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mergers of any colour combination, npicolours divided by to total number of stripes. For the latter

we again need to correct for the possibility of mergers and obtain

Tbicolour
: “4)
Nistripes (1 + Zc Te Gfmicolour)

Gbicolour ~

C

unicolour W€ obtain

Substituting this into the expression for G

Npicolour”c

c c C ~

unicolour + Gunicolour § T'cSynicolour ~ 1 2\ ° (5)
nstripes ( - Zc Tc)

c

To proceed we again note that p,. is small, such that we may restrict our analysis to the highest order

c
unicolour

contributions in p.. As G is proportional to p. the first term on the left hand side is of order
p. while the other terms on the left hand side are of order p? and can therefore be neglected. By

not taking into account these terms we slightly overestimate the frequency of mergers. We finally

obtain the following approximate expression for the frequency of mergers in colour c,

c ~ Npicolour” e ( 6)
icol =~ .
unicolour nstripes (1 ZC 7”3)

Calculating the frequency of mergers for the different colours in all wounds we found that merg-
ers are relatively rare, constituting on average less than 10% of all unicolour stripes (Extended Data
Fig. 2d). With this, the total number of stripes in a given colour is n® = n¢ (1 +> r¢ G¢ )

stripes unicolour

. . _ e
Summation over all colours finally gives 7 = ngyipes (1 + Y. 7°Gricolour)-

We now calculate the number of labelled K14CREER cells in the recruitment area around the
wound. To this end we multiply the density of clones at the time of initiation of stripes, py, with the
recruitment area, A, from which K14CREER cells can be activated to form stripes: N = pyA. We
quantified the clonal density in the recruitment area at day 4 post wounding, when stripe formation

3
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is initiated. We found that, on average, roughly 306 £ 84 (95% confidence intervals) K14CREER
clones populate an area of Imm?. We defined the recruitment area by the ring spanned by the 10th
and the 90th percentiles of the distances between the starting positions of stripes to the center of
the wound. As we took these positions at day 14 post wounding we corrected these distances for
the contraction of the tissue surrounding the wound. We found that until day 14 tissue contraction
led to a 30% decrease of the distance between the hair follicles and the centre of the wound (Figure
1f of the main text). We therefore increased these distances by 30% to take account for the fact that
the recruitment area was larger at the time of initiation than at day 14. With this we found that the
recruitment area is roughly 16 mm?, corresponding to a ring of width 1 mm around the boundary
of the wound. Therefore, on average 4853 4+ 1336 clones were labelled at day 4 in the recruitment
area. With an average number of basal cells in these clones of 0.67 £0.16 we find that, on average,

3242 + 868 basal cells were labelled at the initiation of stripe formation.

Taken together we obtain that 0.2 + 0.2% of K14CREER cells contribute to wound healing by
forming stripes. To calculate confidence intervals we employed standard methods for the propaga-
tion of uncertainty. It is important to note that the confidence intervals we report here do not cover
the full uncertainty, as they necessarily do not take into account sources of uncertainty that are
difficult to quantified. For example the uncertainty associated with the definition of the time point
of stripe initiation (here taken as day 4 post wounding) depends on the unknown clonal dynamics

in this time interval.
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Number of stripes contributing to wound healing

Having determined the fraction of K14CREER basal cells that contribute to wound healing we
now investigate the total number of these cells. To begin, we first ask how many progenitors are
hypothetically needed to fill the wound. At day 4 post wounding the radius of the wound is roughly
1 mm. At day 14 post wounding we measured, on average, 12089 4= 1120 basal cells per mm?,
which means that roughly 38000 basal cells are needed for wound healing. To the contribution of a
single stripe to wound healing we then counted the number of basal and suprabasal cells in stripes.
While the frequency of mergers is relatively low these events can have a large impact on the average
number of cells in clones. To take into account the possibility of mergers we identified, based on
their morphology and location, stripes which we were confident to be monoclonal. The average

number of basal cells in the remaining monoclonal stripes at day 14 is 19 + 7, suggesting that if

wound healing was entirely achieved by stripe formation 2054 + 754 stripes were needed.

We compare this number to the total number of stripes that contribute to wound healing. Based on
the number of labelled stripes, n, the total number of stripes is 7/pi,q, Where py,q is the probability
that a K14CREER cell is induced at day 4. The latter can be obtained by dividing the density of
labelled clones in the recruitment area at day 4 by the density of basal cells, which we obtained
from an uninjured control region. With this, in stark contrast to the number of stripes needed
to regenerate the tissue, we found that in total 343 £ 120 stripes contribute to wound healing.
This discrepancy suggests that other subpopulations contribute to wound healing, for example

Lrigl CREER cells located at the hair follicles. It is important to note, however, that the labelling
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is likely not representative and we don’t know the relative induction of basal stem and progenitor
cells. If the proportion of labelled progenitors differs significantly from that found in previous

studies ! this number might be significantly higher.

Stochastic modelling of clonal dynamics

To define cell fate behaviour in skin wound healing we extend the biophysical modelling approach
introduced in Refs. 2. In this model, stem cells and their differentiating progenitor cell progeny
function as equipotent cell populations in which their proliferation kinetics and fate behaviour
follow defined statistical dependencies. These stochastic “rules” summarize the product of the
complex gene regulatory processes that regulate cell fate behaviours. For simplicity, following
Refs. 23, we consider a model based on intrinsic (cell-autonomous) regulation. However, in the
two-dimensional geometry of the epidermis, models of fate behaviour based on external (cell ex-
trinsic) regulation are difficult to discriminate from intrinsically regulated systems. The clonal
analysis described here therefore leaves the question of the underlying regulatory dynamics un-

specified.

Maximum likelihood estimation

In infer cell fate behaviour in skin wound healing we employ Bayesian inference °. In particular,
we seek to define the model which describes the experimental data with the highest probability. A
detailed description of this approach is given in Ref. . Briefly, the probability P(O|FE) of a model,

O given the experimental evidence E is, following Bayes’ Theorem, proportional to the product of
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the probability of obtaining the experimental evidence given the validity of the model, P(FE|O),

and the a priori belief in a certain model, P(O):

P(E|©)P(O)

P@IE) = J,deP(E|©)P(O)"

(7

If the prior distribution P(©) is uniform we can infer the best fitting model by maximising the

likelihood function L (©) = P(FE|0©).

With the frequency f,,, of observations of clones with given numbers of basal cells n at a given
time point ¢ after wounding and since measurements are statistically independent, the likelihood

function takes the form of a multinomial distribution *,

(S fus)!

LpO)=—"— 7 P(n,t|©)/. (8)
5(0) = S TP i1e)

To obtain approximations for P(n, t|©) we numerically solved Master equations of the form

d . .
3 P(n,110) = > WP, 110) = Wi P(n, 1]0), )

n/=0
using Gillespie’s algorithm °. These solutions of the Master equations give the probability to find

any stochastic fate of a single clone. From this we obtain the distribution of persisting clones

as

P(n,t|O©)
P? te) = ——————. 10
n>0(n7 | ) 1 —P(O,t|@) ( )

With this, the logarithm of the likelihood function is given by
log Lp(©) =log N ™"+ ) 3 "N, log PY_o(n, £©) . (11)

t n

7
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To determine the maximum of the likelihood function we rasterised parameter space determine the

best fit parameters and to calculate credible intervals, as defined below.

To estimate the uncertainty associated with the maximum likelihood parameters define credibility
intervals comprising all parameter value whose likelihood is above a threshold, o = 0.05, such

that the resulting credible region (CR) is

CR = {@ ‘ fj(f}) > a} . (12)

This approach is most powerful in classifying sets of credible parameters °. For a specific model pa-

rameter, ©;, we report credible intervals in the form O} £ (maxcg{0;} —O7, OF —minc{O;}).

)

Inference of the best fitting model

We are now in a position to perform maximum likelihood estimation in order to estimate the
model, which describes the experimental data with the highest likelihood. The clonal analysis is
complicated by the fact that skin wound healing comprises two temporal regimes: an early, highly
proliferative phase with a strong bias towards the suprabasal layer is followed by a phase where
overall proliferation reaches lower levels and where stripe formation is observed. While we here
study the second regime, the clonal data might be compromised by labelled remainders from the
early dynamics. Indicative of this is the large fraction of clones containing only suprabasal cells
at day 4 and 7 post wounding as well as the large clonal loss rate. To avoid the presence of these
clones distorting the results we focussed on clones containing basal cells and fitted the model to

the basal compartment only.
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To unveil the clonal dynamics constituting stripe formation we seek to define the simplest model
which is capable of predicting the clonal data. To begin we study the time evolution of the average
number of basal cells in KI4CREER clones. We find that this increase is surprisingly linear. At
first sight this could indicate neutral dynamics of a single progenitor population, where loss of
clones due to symmetric differentiation is balanced by the growth of surviving clones >3. A model
comprising neutral dynamics has been proposed for the clonal dynamics in homeostatic epider-
mis 7. However, in this modelling scheme the rate of increase of the average number of basal cells
is given by the rate of symmetric proliferative divisions, which would correspond corresponding
to an unreasonable cell cycle time of less than six hours. Further, neutral dynamics would give
rise to an equally high rate of loss of stripes. In the clonal data there is no clear trend indicating a
decreasing number of stripes over time (3.7 + 1.6, 14.0 £ 7.6 , 6.7 £ 2.3 for days 7, 10, and 14pw,

respectively).

To understand the rapid linear increase in the average number of basal cells we considered a situa-
tion where the neutral dynamics in the intact skin arises from an asymmetrically dividing subpop-

ulation in the basal layer. Such a model can be summarised as

A % AB, (13)
B % BB, (14)
B 2 BC, (15)
B 2 cc, (16)

where A is an asymmetrically dividing basal stem cell and B is a basal progenitor. C' denotes
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suprabasal cells. As the third process does not change the number of basal cells in a clone we

cannot infer the rate 5 from the basal data alone.

The time evolution of the probability to find a clone with np basal cells is described by Master

equations of the form 3

%P(nB,t) — o+ Bung — 1) Plng — 1,1) + Bs(np + 1)P(ng + 1,1) a7

— [+ (B1 + Bs)np) P(np,t). (18)

The solution has been shown to be a negative binomial distribution,

a+ng—1

P(np,t) = ( )(1 — b)b}P (19)

np
with the time dependent parameter

_expl(B1 — B3)t] — B

b = : (20)
" exp[(B1 — Ba)t] — By
The average number of basal cells follows
@ (B1—s)t
(np(t)) et 1] (2]

A= s
Therefore, if differentiation of basal progenitors is balanced with proliferation, 5; = 33 = [, the

average number of basal cells increases linearly with time,
(np(t)) = ot (22)

and the rate of increase is given by the division rate of basal stem cells.

A model comprising an asymmetrically dividing subpopulation which gives rise to balanced basal
progenitors is therefore capable of predicting the time evolution of the average number of basal

10
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cells in clones. The more challenging test is whether such a model is also able to predict the full
distributions. We employed maximum likelihood estimation to infer the parameters that have the
highest probability in describing the experimental data. We found that according to the so defined
model basal progenitors divide asymmetrically with a rate « = 1.8 + (0.6,0.4) d~'. Therefore,
basal stem cells divide, on average, once every 13 hours. The most likely rates of symmetric
proliferative and differentiating divisions of basal progenitors are 3 = 1.3 &+ (1.1,0.6) d~!, while
the rate of asymmetric divisions of these cells cannot be inferred. Given that maximum likelihood
estimation predicts a cell cycle time of at least 17 hours by symmetric divisions alone it is unlikely
that, as in healthy epidermis, the majority of divisions is asymmetric. Notably, such a model
resembles the clonal dynamics in the intact epidermis, where the basal compartment is comprised
of basal stem cells, who divide mostly asymmetrically, and committed progenitors, who have a

higher probability of symmetric divisions °.

Having determined the clonal dynamics of K14CREER basal cells we then asked whether Lrigl CREER
cells follow similar patterns of fate choice. The average number of basal cells in Lrigl CREER
clones is significantly larger than in K14CREER clones. Remarkably, in common with the K14CREER
clones this average increases linearly in time, suggesting that Lrigl CREER cells might show qual-
itatively similar behaviour. In principle, the higher rate of increase in the basal clone size might
simply be the result of a reduced cell cycle time in Lrigl CREER cells. However, we found that
in such a scenario the experimental data could again only be explained by assuming unreasonably
fast division rates. Rather, we hypothesised that the increased size of Lrigl CREER clones might

be the result of an initial round of symmetric divisions of basal stem cells. We approximate the

11
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number of basal stem cells after the initial set of symmetric divisions by a Poisson distribution,

such that the clone size distribution follows

ZNF
P(ngp,t) Zk— e P(ng, )", (23)

where the exponent denotes a k-fold convolution:

1

():] np
P(np,t)* =" P(np.t) Y P(n}.t). Z Pk, t)P(ng — k. t). (24)
nB—l nZB:1

We found that we could predict the clone size distributions of Lrigl CREER stripes by taking
A = 3 and using otherwise the same maximum likelihood parameters as for K14 cells. This
suggests that the clonal dynamics of K14 expressing cells might be preceded burst of prolifer-
ation in Lrigl expressing cells. However, we need to exercise some caution in the interpreta-
tion of these results: while we expect the merging rate of these clones to be only slightly higher
than for K14CREER clones, abundant merging could potentially explain the differences between

K14CREER and Lrigl CREER clones equally well.

In summary, clonal analysis suggests that K14 expressing cells that form stripes into the wound
largely recapitulate the clonal dynamics of clonal dynamics in homeostasis. This dynamics is,
up to a time independent convolution, maintained for Lrigl CREER stripes originating from hair

follicles.
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4.2 DEFINING THE DESIGN PRINCIPLES OF SKIN EPIDERMIS POSTNATAL
GROWTH

4.2.1 Focus

In the past decades, several studies tried to decipher the cellular dynamics
underlying epidermis maintenance during homeostasis '°%1931%7 In a homeostatic
tissue, the number of cells that are lost must be compensated by new cells produced.
Recent lineage tracing studies performed in our laboratory on the mouse tail
epidermis suggest that a hierarchy of SC and CPs sustain skin epidermis through a
majority of asymmetrical cell fate decisions but also balance self-renewal and cell
differentiation so that the equilibrium is maintained at the population level 1%,
However, little is known about the cellular dynamics taking place when the tissue
needs to increase in size. Moreover, recent analysis performed in our lab suggest
that CP are the main player in epidermis maintenance during homeostasis and that
SCs only divide slowly and reside in specific regions of the mouse tail epidermis, the
interscale '**'%, However, nothing is known about this hierarchy during postnatal

growth and whether it is already present at birth or not.

In this study, we used K14-CreER/Rosa-Confetti mice, clonal lineage tracing,
proliferation experiments and single cell RNA-sequencing (RNA-seq) to unravel the

cellular dynamics taking place in skin epidermis during postnatal growth in vivo.

4.2.2 Methods and results

To evaluate the amount of tissue generated during postnatal growth, we
measured the general expansion of the tail epidermis and the expansion of a HF unit
delimitated by HF triplets during postnatal growth, from birth (P1) to adulthood
(P60). Both measurement showed that the tissue increases its surface 15x in a linear
manner from P1 to P30 and then reach a plateau until P60 (Figure 1, page 96). In
order to study the cellular dynamics taking place during the tail epidermis post-
natal growth we induced K14-CreER/Rosa-Confetti newborn mice at clonal dose
(Figure 2, page 98). Using confocal microscopy, we quantified the number of basal
and total cells per clone at P4, P7, P15, P30 and P60 in scale and interscale regions,

as well as the number of clone per hair follicle area. Our data show that the
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proportion of clones remaining in the tissue during postnatal growth was globally
stable overtime while the average clone size was increasing and expands around 15x,
which fully recapitulate the tissue expansion. We also noticed that the average size
of the clones was bigger in the scale compared to interscale, suggesting either
different cell fate decisions or different proliferation rate between the two regions.
Finally, cumulative proportion of interscale and scale clones at each time point both
fit with a single exponential, a hallmark of a single population of progenitors (Figure

2, page 98).

To study the proliferation rate of basal cells in the tail epidermis we first
treated K5tTa/tetoHZ2BGFP mice (TetOFF system) with doxycycline at different ages
and analyzed the decrease in H2BGFP signal in basal cells by FACS. Our data showed
that proliferation rate was decreasing overtime. Second, using Edu/BrdU double
pulses, we quantified the proportion of double labeled cells specifically in scale and
interscale regions and showed that scale basal cells have a higher proliferation rate
compared to interscale basal cells. Altogether, these data show that the proliferation
rate of basal cells decreases overtime and that scale basal cells divide more rapidly

than interscale (Figure 3 and Figure S2, pages 100 and 112).

We then used a previously validated statistical framework to decipher
mathematically the cellular dynamics taking place during tail epidermis growth'®%!%,
Our data fit with a simple model where a single population of Developmental
Progenitors (DPs) undergoes stochastic cell fate decisions leading to 60% of
asymmetrical division and 40% of symmetrical division (either self-renewal or
differentiation) (Figure 4, page 102). The increase in basal clone size and the stable
persistence of the clones is consistent with a model where basal cells display a
constant imbalance of 24% in favor of self-renewal, meaning that cells achieve self-
renewal decision in 32% of the cases (17% in homeostasis) against 8% for symmetric
differentiation (21% in homeostasis) along the growing phase'®. Taking into account
the different proliferation rate in each region, this model recapitulates basal clonal
growth and persistence in both scale and interscale from P1 to P30. An independent
tracing started at P15 confirmed the clone size and persistence predicted by the
model, strengthening our confidence in this constant imbalance model (Figure 4,

page 102). By contrast, only the homeostatic model could recapitulate clones size
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and persistence for a tracing initiated at P30 (Figure S5, page 118). Similar results
were obtained from clonal analysis performed in the hindpaw epidermis and
suggested that the constant imbalance model is a general strategy for epidermal
expansion (Figure S3, page 114). Importantly, the constant imbalance model implies
that a constant density of DPs and suprabasal cells is maintained along the growth.
Our data confirmed a stable ratio between suprabasal and basal cells along the post-
natal growth both in tail and paw epidermis (Figure 5, page 104). These data suggest
that the constant imbalance model, coupled with an ever decreasing proliferation
rate and leading to a linear growth of the tissue, is a general mechanisms to expand
stratified epithelium in vivo. The results also suggest that the maintenance of an
appropriate number of suprabasal cells is guaranteed by an optimality criterion that

ensure the barrier properties along the growth process.

To assess the molecular differences between post-natal and adult epidermis
we performed single cell RNA-seq on FACS sorted basal cells and compared young
(P7) and adult (P60) tail epidermis using the 10X Genomics technology'.
Unsupervised clustering subdivided the GO basal cells of the young sample in two
populations (DP GO I and II) and adult GO SC/CPs in three populations (SC/CP GO I,
IT and III), supporting a higher heterogeneity in the adult basal stem/progenitors
(Figure 6, page 106). Using SCENIC analysis'*' we identified the TFs and their
transcriptional network associated with these cell populations. Finally, lineage
trajectory using Slingshot'? revealed a single lineage from the homogeneous
population of DPs to differentiated cells in young sample and 3 lineage trajectories
leading to scale and interscale differentiated cells as well as one lineage toward
SC/CP III (Figure 6, page 106). Finally, single cell RNA-seq performed at P30 showed
that, while they still cluster in 2 populations, basal cells already show signs of
heterogeneity (Figure S6, p120). These data show that young epidermis display a
more homogeneous population of basal progenitors compared to adult, and confirm

the existence of equipotent DPs proposed by the mathematical modelling.

Interestingly, the majority of the clones generated during post-natal
development were anisotropic and displayed a specific orientation depending on
their location in the tail epidermis. Two-photon microscopy on clarified tissues

highlighted specific alignment of collagen fibers with similar orientation compared
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to the clones. We cultured primary keratinocytes on micro-patterning devices coated
with aligned versus non-aligned collagen and showed that cells plated on aligned
collagen divide along the collagen fibers while cells plated on non-aligned collagen
have a random cell division orientation. These data show that cell division
orientation is locally controlled by collagen fibers present in the underlying dermis
(Figure 7, p108).

4.2.3 Conclusion

In this study, using lineage tracing, clonal analysis, proliferation experiments
and single-cell transcriptional analysis, we demonstrated that, postnatal skin
epidermis is composed of a homogeneous population of equipotent DPs that keep a
constant imbalance toward self-renewal, coupled with an ever decreasing
proliferation rate, to achieve tissue growth. Finally, using in vivo measurement and
in vitro micro-patterning experiments, we show that DPs cell division orientation is

locally influenced by the collagen fibers alignment in the underlying dermis.
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SUMMARY

During embryonic and postnatal development, organs and tissues grow steadily to achieve their
final size at the end of puberty. However, little is known about the cellular dynamics that mediate
postnatal growthBy combiningin vivo clonal lineage tracing, proliferation kinetics, single-cell
transcriptomics on skin epidermis aimdsitro micro-pattern experiments, we resolved the cellular
dynamics taking place during postnatal tissue expansion. Our data revealed that harmonious growth
is engineered by a single population of developmental progenitors presenting a fixed fate imbalance
of self-renewing divisions, with an ever-decreasing proliferation rate. Single-cell RiNi&rsgng
revealed that epidermal developmental progenitors form a more uniform population compared to
adult stem/progenitor cells. Finally, we found that the spatial pattern of cell division orientation is
dictated locally by the underlying collagen fiber orientation. Our results uncover a simple design
principle of organ growth where both progenitors and differentiated cells expand in harmony with

their surrounding tissues.

72



INTRODUCTION

Organism growth is a key process that needs to be orchestrated harmoniously throughout
development. Animal development starts from a single cell to form a multicellular organism
composed of tissues containing different cell types. Once the different cell types have been
specified during embryonic development, the organs and tissues have to grow during postnatal life
to achieve their final size at the end of puberty. In adult animals, cells lost by diffeoentiat
cell death must be compensated by cell division in a process called tissue homeostasis. This last
decade, great efforts have been made to understand the mechanisms controlling tissue homeostasis
in adulthood. Lineage tracing and clonal analyses have been instrumental in defining the clonal
dynamics ensuring asymmetric renewal at the population level, maintaining the balance between
proliferation and differentiation (Blanpain and Simons, 2013). In contrast, very little is known
about the mechanisms that ensure postnatal growth, from birth until animals reach their final size
at the end of puberty. During postnatal growth, an imbalance between proliferation and
differentiation is required to generate the excess of cells that fuel tissue expansion. How this

imbalance is controlled and achieved is largely unknown.

The skin is the first barrier that protects animals against their microenvironment. The
epidermis is composed of hair follicles (HFs) andrtearrounding interfollicular epidermis (IFE).
The IFE contains a single proliferative layer of basal cells (BCs) expressing keratin 14 and 5
(K14/K5), and several suprabasal layers of terminally differentiated cells expressing K1 and K10
that progressively become enucleated and are shed as squames at the skin surface (Rlanpain an
Fuchs, 2006). To compensate for the loss of terminally differentiated cells, the IFE is constantly

renewed by the proliferation of stem cells (SCs) and progenitors (Blanpain and Simons, 2013). The
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tail epidermis is a well-described tissue, composed of two distinct regions (the scale and interscale)
in which the clonal dynamics mediating adult tissue homeostasis has been studied extensively. The
mouse tail IFE homeostasis is ensured by SCs and committed progenitors (CPs), which together
balance self-renewal and differentiation in a stochastic manner at the population level (Glayton e
al., 2007 Mascre et al., 201Sanchez-Danes et al., 2016). In contrast, during postnatal growth,
and the concomitant expansion of the skin, the SCs and/or progenitors need to adjust the balance
between renewal and differentiation to expand the number of both basal and suprabasal cells. The
mechanisms responsible for controlling the imbalance of self-renewal over differentiation, which

mediates skin expansion, are currently unknown.

Here, we used the murine tail and paw epidermis to unravel the mechanisms that mediate
postnatal skin expansion. Usiagmultidisciplinary approach, we define the pattern of cell fate
decisions during tissue growt.e show that postnatal tail and paw skin expansion is medigted
a single population of equipotent developmental progenitors (DPs) that present a fixed fate
imbalance of renewing divisions, coupled with an ever-decreasing proliferation rate. We show that
this strategy is optimal to ensure the expansion of the basal progshipwol while maintaining
a constant suprabasal thickness. We validate the model via clonal analysis performed at different
time points during postnatal development. Finally, we demonstrate that the direction of clonal
growth does not follow large-scale cues from anisotropic tail growth, but local cues from the

underlying collagen fiber orientation.
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RESULTS

The |l FE expandslinearly during postnatal development

The mouse tail epidermis is composed of two regions that follow distinct differentiation
programs: the interscale surrounds triplets of HFs igndharacterized by suprabasal cells
expressing K1/K10, and the scaeharacterized by the expression of the keratin 31 (K31), keratin
36 (K36) and Keratin 84 (K84) in differentiated cells (Didierjean et al., 198Biasch et al.,

1992). In adult mice, these two regions behave as independent compartments that are sustained by
their own pool of stem and progenitor cells (Gomez et al., ;284B8chez-Danes et al., 2016).
However, how and when these SC and progenitors and their compartmentalization are specified

during development remains unclear.

To address these questions, we first assessed macroscopic tail expansion by measuring the
length, width and total area of the tail from P1 to P60. The results showed that the tail surface grew
in lineaty from P1 to P30 by about 12-fold, and then slowly reached a plateau. Most of the
expansion was due to the tail elongation (7-fold from P1 to P60), whereas its diameter increased
only by 2.5-fold during the same period (Figure EA-Altogether, our data shows that the tail

surface increases 17-fold in a highly anisotropic fashion during neonatal growth.

We then defined postnatal tail expansion at the microscopic level. Using hair follicle triplets
as a reference frame, we measured the area of IFE covered by the scale and half of the two adjace
interscale regions, which we defined as‘thar follicle area” (HF area) (Figure 1A-B and Figure
S1A-D). As de novo HF formation does not occur after birth, the length and widtHFoéreas can
be used aaproxy to measure local tissue expansion. We found that the distance between two hair

follicle lines along the antero-posterior (AP) axis increased more (7-fold from P1 to P60) than the
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distance between two adjacent HF follicle triplets along the left-right (LR) axis (2.3-fold from P1
to P60) (Figure 1F-H). Altogether, the HF area expands around 16-fold from P1 to P6®oftinus,
macroscopic and microscopic measurements give statistically similar results, showing that the IFE

surface expands uniformly from P1 to P60, with a linear increase from P1 to P30 (Figure 11).

Lineage tracing of developmental progenitorsrecapitulate tissue growth

To define the spatio-temporal dynamics of IFE expansibsingle-cell resolution, we
performed clonal analysis usiagnulticolor lineage-tracing approach (Figure 2A, B). Tamoxifen
(TAM) was administrated td&14-CreER/Rosa-Confetti mice at P1 at a dose that leaiis
fluorescent reporter expression in BCs sufficiently isolated from each other to be able to follow the
fate and expansion of targeted individual cells. The number of basal and suprabasal cells per clone
were quantified at different time points in the scale and interscale (Figur®)2dn both
compartments, clones grew rapidly from P1 to P30 tlaexd more slowly from P30 to P60 (Figure
2EF), mirroring the tail surface, with clone survival (or persistence) being globally stable from P7
to P60 in both scale and interscale (Figure 2G), a hallmark of unbalanced clonal expansitn via se
renewing divisions of BCs. Importantly, the overall increase in clone size matched well the overall
tissue expansion (Figure 2H) and the BCs size did not change overtime (Figure S1D)
demonstrating that the cells we targeted in our lineage-tracing experiments are represéntative o

those that drive whole tissue expansion.

Interestingly, we found that scale clones were consistently larger than interscale clones at
all time points (21-foldss. 10-fold expansion from P1 to P30, P7: P=0.007, P15: P<0.0001, P30:
P<0.0001, Mann-Whitney test), which could not be attributed to differential clone loss (Figure 2G).

Moreover, the cumulative basal clone size distributions of interscale and scakefittedavell
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with asingle exponential dependence at all time points (Figure 21, J) which arisedlasaakhaf
stochastic cell fate choicé®m single populations of DPs, which mediate post-natal growth reliant

(Klein and Simons, 2011).

Ever decreasing proliferation rate of DPsduring postnatal growth

To ensure the quasi-linear growth of tissue supported by a single population of DPs, these cells
must either progressively decrease the proportion of self-renewing division over commitment to
terminal differentiation, or smoothly adjust their proliferation rate and transit time from the basal
layer to the cornified layer (or potentially both). To discriminate between these possibilities, we
performed quantitative label-dilution experiments us{stetOFF/Tet-O-H2BGFP mice (Mascre

et al.,, 2012 Sada et al., 20316lumbar et al., 2004&Zhang et al., 2009) at different time points
during postnatal development. In the absence of Doxycycline (Dox), H2B-GFP was homogenously
expressed at high level in all BCs (Figure S2A-H2B-GFP expression was chased by
administrating Dox starting at P1, P7, P21 or P30 and the level of H2B-GFP label-dilution in BCs,
representing the number of cell divisions accomplished during the chase period, was quantified by
FACS at different time points (Figure S2D-G). These data showed that the rate of cell division
decreased during postnatal development, with an average cell cycle time estimated to be around
1.2 days between P1 and P7, 1.9 days between P7 and P15, 4.1 days between P21 and P28 (Figure
S2H,l), and 6.5 days at P60 (Mascre et al., 2012). Of note, we did not observe a significant slow-
cycling population of BCs during post-natal tissue expansion (Figure S2D, E), in support of the

idea of a single population of DPs.

Although the H2B-GFP label-dilution data shows that the rate of DP cell division decreases

over time, the FACS quantification cannot discriminate whether the differential expansion of
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clones in the scale and interscale regions is mediated by a difference in the rate of cell prgliferation
or a different imbalance towards symmetrical divisiofo discriminate between these two
possibilities, we turned to cell proliferation kinetics measurements using EdU/BrdU double
labeling experiments allowing us to define whether cell cycle time is regulated in a region-specific
manner during postnatal development. EdU was administrated first at P4, P7, P15, P30 and P60
and then BrdU was given continuously for measuring the proportion of double-labeled cells (and
the proportion of suprabasal Edu+ cells), at different time points in the scale and in interscale
(Figure 3A-O and Figure S2Jyhich fitted well with a single population of dividing cell with
refractory period in each region. These results confirmed that the rate of cell cycle re-entry
decreases oveime, and demonstrated that DPs consistently cycle faster in the scale than in
interscale (Figure 3N-P), similar to their differential proliferation rate during adult homeostasis
(Gomez et al., 20tMascre et al., 20tBada et al., 201Ganchez-Danes et al., 2016; Spearman
and Garretts, 1966). Indeed, we reasoned that the progressive and constant decrease in the DP
proliferation rate during postnatal growth could explain the linear, ratherathaxponential,

growth of the tail epidermis, and the differential scale-interscale growth.

To determine whether a cell autonomous or a non-autonomous mechanism controls the
ever-decreasing rate of proliferation observed during postnatal development, we assessed the
proliferation rate of primary keratinocytes freshly isolated from mice of different ages and cultured
in vitro for 48h on fibronectin/collagen coated plates. Quantification of BrdU incorporation by
FACS analysis showed that the proliferation of cultured keratinocytes decreased with the age of
the mice similarly to what we found vivo (Figure 3Q and Figure S2K,L). These data suggest that
the decrease in proliferation of keratinocytes is not the consequence of a higher level of growth

hormones in the serum of young mice but the consequence of keratinocyte autonomous
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mechanisms. These results do not rule out the possibility that growth hormones modify the
epigenetic and transcriptional landscape of the keratinocytes, rendering them more responsive to

growth factors.

A constant excess of symmetric renewing division mediates postnatal development

The increase in the number of BCs per clone combined with a stable clonal persistence can
only be achieved if DPs increase their number of symmetric renewing divisions at the expense of
symmetric differentiation, creating an imbalance in favor of self-renewal. To test whether the
adjustment of the proliferation rate over time is sufficient to quantitatively explain the spatio-
temporal dynamics of postnatal growth, we turned to duaine modeling of the lineage tracing
data (see Methods). Taking the experimentally measured proliferation rate agaripatenodel
and considering the observation that rescaled clone size distributions are consistently well-fitted
by a single exponential, we explored whether the average clone size and clonal persistence could
be explained by a minimal model consisting of a single equipotent DP population characterized by

stochastic fate behavior.

In an out-of-homeostasis setting, clonal dynamics are only weakly dependent on the
probability of asymmetric division (1-2r) and pre-dominantly dependent on the prodact, of
where A is the degree of imbalance between symmetric divisions, here self-renewing and
differentiation divisions, and the cell division rate (see Method®ne should note that the results
of these models are also largely insensitive to the nature of fate regulation (for instance intrinsic
vs. extrinsic fate choices or whether differentiation feedbacks on, or is mediated by, cellular
proliferation events). Interestingly, based on the measured cell division rate, we found that a

constant fate imbalance 84£24%+-4% (best fit +- 95% confidence interval) provided a very good
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fit for the quasi-linear P1 to P30 growth dynamics of interscale clones (Figure 4A and B).
Moreover, the model also provided a good prediction for the clonal persistence, showinglan initia
decrease followed by a plateau (Figure 4C), characteristic of imbalanced cell fatest(smisMe

Even more surprisingly, the modelling of scale clones showed that the same constant fate
imbalance A=24%+-2% (best fit +- 95% confidence interval), provided a very good fit for the
clone size across the course of postnatal growth (Figure 4D-F). This means that the two-fold
enhancement of clonal growth in scale could be explained by the observed faster proliferation rate
compared to interscale. These datggest that scale and interscale compartments are each
sustainedby asingle population of DPs, which undergo an excess of symmetric renewing divisions
and acquire different proliferation rates during post-natal development depending on their

localization.

To experimentally challenge this simple constant fate imbalance model, we then performed
an additional lineage tracing experiment at P15, chasing clones fori aags (Figure 4G-U).
In interscale, clones increased their average basal size by a factor of 1.9 aneéthge total size
by a factor of 4.1 in 2 weeks (Figure 4 J,L, N and O). Interestingly, this aveli@age size
expansion, together with the persistence evolution from P4 to P15, fitted well with the model
prediction (Figure 4R-T). Similarly, scale clones increased their basal contentabipadf 29
and their total content by a factor of 6.2, which also fitted well with the model prediction, both in
terms of average clone size and persistence (Figure 4 K, M, P, Q, S and U). These data confir

that epidermal cells do not change their cell fate imbalance during the growth process.

We then assessed whether this mechanism of tissue growth (fixed imbalance for self-
renewal combined witha progressively decreasing proliferation rate) uncovered in the tail
epidermis is a general strategy of stratified epigh@iostnatal expansion. To this end, we studied
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at single cell resolution the cellular mechanisms that mediate postnatal growth in the paw
epidermis. We performed clonal analysis udfig-CreER/Rosa-Confetti mice induced at P1 and
assessed the clonal behavior of individual BCs at P4, P7, P15, P30 and P60 in relation with the
length and width of the paw area. The paw area expands by a factor of 6,1 from P1 to P60 and in a
more isotropic manner compared to the tail (2.7x in length; 2.4x in width) (Figure S3A-D). Most

of the paw expansion occurred in a nearly linear manner although it reached its pldieraih@a

in the tail (Figure 1l)We performed a single BrdU pulse and quantified the proportion of labelled
cells after 4h, which can be used to approximate the proliferation rate (Figure S3E and Methods).
Interestingly, the proportion of BrdU labelled cells decreased from P1 to P15, going from 29.8 +
2.3% of labeled cells at P1 to 12.0 £ 1.9% at P15 and then remain stable from P15 to P60 (Figure
S3F). Clonal analysis in the paw epidermis showed that the basal content of the clones expand 5.8x
from P1 to P15 (Figure S3G-K), mirroring the paw tissue expansion, and that clone size
distributions were well fitted at all time poinby a single exponential, a hallmark of a single
population of DPs being responsible for the skin expansion (Figure S3L). Implementing a similar
theoretical model as before (with the proliferation rates measured nspawed that the clone

size and persistendéme-course data was well-fitted by the same constant imbalance model
proposed for the tail, with an imbalance of 20% from P1 to P15 (see Methods and Figure,S3M-0O)
demonstrating that the design principles uncovered in tail epidermis also account for the skin

expansion in the paw epidermis.

A constant imbalance mediates har monious tissue expansion

Our data and modelling approach suggest that DPs adjust only their division rate to match
the spatio-temporally varying patterns of tissue growth, while keeping their imbalance in fate

choices approximately constant. Why would such a strétegyplemented and selected in several
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epidermal compartments? One possibility would be that such a state of constant imbalance towards
symmetric renewal represents a stable, cell-intrinsic ground state for DPs (Mojtahedi et al., 2016).
However, we postulated that the observed growth strategy could also be explained mechanistically

by considering a simple optimality criterion for epidermal growth.

We reasoned that, if the only constraint in the system was the expansion of the basal layer
at a prescribed speed, this could be achieved in many ways (Figure 5A-D and Methods). For
instance, DPs could retain balanced cell fate choices throughout development, similarily to
homeostasis but with a higher division rate, producing only differentiated cells that would
accumulate both in the basal and suprabasal layer, and thus lead to the dilution of tBbé basal
pool, as observed iDrosophila intestinal regeneration (Jin et al., 2017)(Figure 5A). However, our
H2B-GFP dilution experiments do not show such accumulation of differentiated cells (Figure S2).
A second possibility would be th&8tPs first undergo a phase of purely symmetric divisions, to
rapidly expand théP pool, and then switch to a second phase of asymmetrical divisions to
generate differentiated cells. This so-called "bang-bang" mechanism has beendotopbse
optimal for the rapid formation of mouse intestinal crypts after birth (ltzkovitz et al., 2012) (Figure
5B). However, our clonal data initiated at P1 show that differentiated cells are produced early after
birth (Figure 2E and F). Finally, while our proliferation experiments rule out this hypothesis,
constant division rate similar to homeostasis (one division every 4-5 days) would be sufficient to
give rise to the observed linear growth, if the imbalance was close to 100% around birth and
subsequently continuously decreasing (Figure 5C). Interestingly, all these scenario would lead
either to the dilution of the DP (Figure 5A) or to a phase in which very few suprabasal cells would
be produced, leading to skin thinning during expansion and potentially compromising skin barrier

function (Figure 5B,C) (See more explanations in Methods). We thus explored the consequences
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of a very simple design principle of epidermal growth; that basal area must grow (in response to
the growth of the underlying tissue) by a prescribed amount, but also that the ratio of suprabasal to
BCs must remain constant (to ensure sufficient epidermal thickness throughout the expansion
phase). Strikingly, imposing these two constraints was only compatible with a single theoretical
growth scenario, characterized by (i) near-constant fate imbalance, and (ii) continuallgidgcrea
division rates to adjust to growth characteristics (Figure 5D and Methods). This design principle
thus provides a simple and robust explanation for the experimentally observed clonal dynamics,

which we explored quantitatively.

Before going further towards a quantitative comparison of this optimality criterion against
the data, we sought to verify whether its assumptions apply. For this we measured the ratio of
suprabasal to BCs at all time points, both in tail scale and interscale as well as in the paw.
Importantly, we found that this ratio was approximately constant across the growth phase (Figure
5E-F), validating the key assumption of the model. Moreover, in the tail, the ratio was equivalent
in tail scale and interscale, although both regions display a two-fold difference in the degree of
growth (Figure E, F and H). We then sought to test the hypothesis of constant imbalance by fitting
the clonal data piece-wise to infer different values of imbalance (See Methods). Interestingly, we
found that the inferred imbalance at each time point was close to its globally fitted value (Figure
5G, H). Finally, in order to see whether the other possible scenario could also fit our experimental
data, we performed a sensitivity analysis to predict the time evolution of the basal cell density and
suprabasal/basal ratio for each scendfigure S4A-D. Strikingly, this analysis confirmed that

our constant imbalance model was the best fitting scenario (See Methods).

With a single fitting parameter (suprabasal loss rate, which we set as constant across

compartment, but which has only weak effects on the resulting dynamics), our design principle
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could then quantitatively predict the following data: (i) the experimentally inferred imbalance at
each time point, i.e. the fact thiatshould be constant in time, and identical both in scale and
interscale despite their differential growth rate; and (ii) the experimentally measured evolution of
the division rate in both scale and interscale, as well as the elisstvanced division rate in scale
throughout the growth phase (Figure 5 G,H, and Figure S4). This argues that the evolution of the
proliferation kinetics and fate choices of DPs throughout growth can be predicted from simple
principles, and suggests that they are optimized for harmonious and coordinated basal and

suprabasal expansion.

Transition between postnatal expansion and adult homeostasis

As mentioned above, the global growth kinetics of the tail slows down drastically after P30,
a feature reflected in the clone size evolution. Indeed, turniagitwlelling approach for the P30-
P60 clone size evolution, first in scale regions, we found that this was consistent with the
homeostatic model that we previously proposed (Sanchez-Danes et al., 2016), characterized by
perfectly balanced fate choices of a single CP population (Figure S5A, right). This argaes for
transition from imbalanced to balanced cellular behavior occurring around or soon after P30.
Turning to interscale regions, although P1 inductions do not provide the resolution to detect the
appearance of the SC/CP hierarchy, the P30-P60 clone size evolution was also consistent with a
sharp transition towards homeostatic, balanced cell fate around P30, as using the homeostatic
SC/CP model provided a good fit for the data, albeit with an increased fate imbalance towards

differentiation fromCP compared to homeostasis (Figure S5A, left).

To further test these findings, we performed an additional lineage tracing experiment at

P30, chasing clones for 4 days and 4 weeks (Figure S5B-P). Consistent with their lower
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proliferation rate, interscalclones only increased their average basal size by 2 fold and their
average total size by 5.3 fold in 4 weeks (Figurg, &5 | and J). The homeostatic model accurately
predicted both the average clone size and clone persistence (Figures S5M-N). Likewise, scale
clones increased 2.4x their basal content and 6.2x their total content in 4 weeks (Figukes S5

K and L). Again, scale clone sizes/persistence were consistently well-fitted by the models(Figure
S50-P). These data suggest a transition from imbalanced to balanced cell fate occurring around
P30 in both scale and interscale, and that the clonal dynamic of SC in the interscale (Sanchez-
Danes et al., 2016) arises late in development, presumably during the transition phase towards

homeostas.
Single cell RNA sequencing of post-natal and adult tail epidermis

To define the molecular features associated with DPs and compare with adult SC/CP in
homeostasis, we performed single cell RNA sequencing of FACS isolated basal tail keratinocytes
depleted from HF cells ¢& Methods) of young (P7, n=9.389 after Y&h adult (P60, n=10.447
after QQ mice using 10X Genomics technology (Zheng et al., 2017). We performed unsupervised
clustering and excluded the cell clusters of the infundibulBm('9", Krt17"9" and Krt79"9"),
sebaceous gland cellSc1"", Mgst1"9" andElovi6"9") as well as cells containirahigh content
of mitochondrial genes, suchmtCol (dying cells) and performed further bioinformatics analysis
on the IFE cells (Joost et al., 2016). After processing, 6102 and 7551 cells for P7 and P60
respectively were further analyzed (See Methods). We performed unsupervised clustering on
individual samples using Seurat (Butler et al., 2018) and assessed the better level of resolution
based on biological criteria (Figure 6A and B, left panels, see Methods). To better compare the
young and adult epidermis, we also combined the two datasets using Harmony (Korsunsky et al.,

2019 Tran et al., 2020), a method for batch integration suited for datasets containing continuous
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transitioning between cell types/states, and annotated the clusters according to the individual
clustering (Figure 6A and B, right panels). Interestingly, consistent with the modeling of the clonal
fate data, individual clustering analysis revealed that the young IFE cells were more homogenous
as compared to the adult IFE cells (Figure 6A and B). At P7, BCs, defined by theixhighston

for Krt5 (Figure 6C), could be subclustered according to their different stages of the cell cycle
(G1/S: cluster 3, S/G® : cluster 2, late G2/M: cluster 4 (Figu@A-F, Figure S6A and Methods)

and to their higher expression of known basal stem cells markers s@umd®s Col17al and

Spoarc which highlighted two populations in GO (DP GO : on main cluster 0 and one smaller cluster
5, Figure 6GH (Joost et al., 2014.iu et al., 2019). More committed cells were defined by their
expression for differentiated markers suctdas (Committed and differentiated cells : cluster 1,
Figure 6J). Similarly, adult tail epidermis clustering displayed BCs cell cycle relatstrs

(G1/S: cluster 3, G2/M : cluster 4) (Figures 6B-F and Figure) @8Bwell as committed BCs
expressing botirt5 andKrtl (Cluster 0) (Figures 6B,C and K). Two clusters of differentiated
cells were found, corresponding to the interscale regions enrich&dtiéiO expression (cluster

5) and scale region (cluster 7) expressing higher level of scale mKrk&8sandKrt84 (Figure

6B, K,L and S6B), not expressed in the young sample, as predicted by the progressive appearance
of scale markers during postnatal growth (Gomez et al.,;Z0d8asch et al., 1992). In contrast,
clustering of the adult tail epidermis uncovered that BCs in GO could be subdivided into 3 distinct
clusters (1, 2 and 6) associated with distinct signatures. GO cluster 1 called SC/CP GO (), simila
to what we found in P7, expressed higher leveastdcl, Postn or Ifitm3 (Figure 6M and Figure

S6B). The second GO cluster (cluster 2, SC/CP GO Il) expressed higher leMel$2of Tsc22d1

or Dcn (Figure 6N and Figure S6B) and the third cluster (cluster 6, SC/P GO Ill) expressed higher
level of Wht related genes such @éit3/\WWnt4/Wht10a/Ws, as well adgfbp2/3/7, 111r2 andTgm3

(Figure 60 and Figure S6B). Interestingly, the genes of these two last specific clusters were
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expressed by the DP GO Il in P7 sample suggesting a higher molecular segregationgerestero

of BCs in adult (Figure 6N and O, and S6A). Some small clusters (6, 7 and 8, Figures 6A and B
were still high forKrt17, Sox9 or expressed high level Kft6 and were considered as infundibulum

cells in G2/M, and companion layer cells (Figure S6A-B). SCENIC analysis (&itar, 2017),

which allows the prediction of active Transcription Fag{diFs) and their putative target genes

that control the identity of these stem and progenitor populations as well as their differentiated
cells, showed that the DPs are enrichedrégulons associated withun, Fos or Trp63 (Figures

S6C-B whereas the committed and differentiated cells are enrichaédffdbandHesl (Figures

S6F and G), consistent with the well-established role of the Notch pathways and these TFs in
promoting skin stratification (Blanpain and Fuchs, 2006). Finally, lineage trajectory analysis using
Slingshot (Street et al., 2018) revealed one differentiation path at P7 and 2 differepastion

(scale and interscale) in adult and akmito separate the different cell clusters according to their
commitment, and showed on path from the SC/CP GO (I) to the SC/CP GO (lll) subpopulations
(Figure 6P). Altogether, these single cell RNA sequencing data further support the existence of a
more homogeneous population of DPs during postnatal skin expansion and the increase in cellular
heterogeneity during the transition to adult IFE homeostasis. To define when this cellular
heterogeneity emerges, we performed single cell RNA sequencing on the tail epideryusrag a

adult mouse, at P30, when the clonal dynamic changes fronthlgtmftomeostasis. After quality
control filtering, we analyzed the expression of all the markers identified in the adult SC/CP
populations and compared them with the basal populations of P7 and P30 samples (Figure S6H).
As expected, the differences between the two BC populations at P7 were minor, supporting a higher
molecular homogeneity within the basal compartment as compared to adult. Markers of adult
SC/CP GO I, such &ostdcl andIfitm3, were more highly expressé&ua fraction of BCsn all

three samples, defining the BC populations | in all 3 datasets (see Figure S6H). As previously
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mentioned, some markers from the adult SC/CP GO Il and Il (suBbrasgfbp2 andWnt4) were
co-expressed within the second population of DP at P7 (DP GO lIl), while most of the remaining
markers were only weakly expressed. At P30, a larger amount of the SC/Chh&Rdis Dcn,

Mt1, Mt2, Gpha2 andS100a6) were highly expressed in the P30 SC/CP GO Il population, but were
still co-expressed with SC/CP GO Il markegflop2, 1gfbp7 andWnt4) (Figure S6H). Finally, the

tree SC/CP GO populations were molecularly distinct at P60 (Figure $6i8gtter visualize the
difference in the cellular heterogeneity of basal epidermal cells between the 3 time points, BCs
were plotted according to their Area Under the CuAMdQ) values for the markers specific for
Adult SC/CP GO Il (x axis) and Il (y axis) (Figure S6l-K, see Methods). WHiIRGs showed a

linear correlation between the two AUC values in the young sample, some BCs, by contrast, start
to deviate from the trend already at P30, and even more strongly in the adult Sagyke $6I-

K). Altogether, these data show that BCs of the tail epidermis are more homogeneous during early
postnatal development and that cellular heterogeneity begins around P30, at the time of the
transition fromagrowing toahomeostatic mode of division, and further increased until mice reach
their final sizeThese data provide important molecular insights about the genes that control stem
and progenitor heterogeneity, and their differentiation during postnatal development and adult

homeostasis.

Thelocal collagen pattern in the dermis determines clone orientation and cell division

Our constant imbalance model helps to understand the principles behind the regulation of
cell fate decisions, both in terms of fate outcomes and division rate, for a globally expanding tissue.
However, it does not take into account the geometry of these choices, such as the regulation of the

cell division axis While our clonal analysis data showed that DPs undergo a high proportion of
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symmetric self-renewal, a closer observation of our clones suggest that the spatial localization of
two DPs after division is not random. In a simple anisotropic growing epithelium, one could expect
clones to all be oriented in the direction of net growth. However, the clones within the tail epidermis
revealechmore complex geometrical pattern. During postnatal expansion, a fraction of clones were
isotropic and grew equally in every direction (Figure S7A), whereas other clones were anisotropic,
growing preferentially in one direction, either parallel to the antero-posterior (APdratasthe
left-right (LR) axis of the tail. This prompted us to divide the interscale in two regions (the
interscale AP and the interscale LR) and quantify the proportion and the orientation of clones in
each region. At P30, around 70% of the clones were located in scale, 23% in interscale %P and 7
in interscale LR (Figure 7A). In each region, around 70% of the clones were anisdtigpre (

7B). Measuring the orientation of the anisotropic clones revealed a striking and complex pattern of
clonal orientation with interscale LR clones oriented perpendicularly to the long axis of the tail
(Figure 7C), interscale AP clones elongated parallel to the long axis of the tail (Hjur@nd

scale clones with average angles between 40° and 80° (Figure 7E). Surprisingly, ahlecagh

grows anisotropically in the AP direction, we found that the average orientation of all clones
displayed little net anisotropic bias. This argued that the direction of cell division was decoupled
with the direction of tissue growth in tail epidermis and raised the question of which local factor

could influence cell division orientation

Previous studies highlighted the importance of the extracellular matrix and external forces
on the orientation of cell divisiom vitro (Fink et al., 2011Thery et al., 2005). To assess whether
the collagen networks of the dermis could impose directional cues to clonal growth, we used bi-
photon microscopy and second harmonic generation and analyzed the orientation of thre fibrilla

collagen within the upper dermis, in each IFE uAttP30, a large-scale pattern in collagen was
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clearly visible, oriented in the AP direction in the AP interscale, the LR direction in the LR
interscale, and at nearly 45° in the scale (Figure 7F-H). Quantification of the orientation of the
clones and orientation of collagen fibers revealed a strong correlation between the two (Figure 7 I-
K). This spatial pattern thus matched perfectly the observed clonal orientation map, suggesting a
functional link between the two. The strong correlation between collagen and clonal orientation

was also found at earlier time points (Figure S7B-C).

To test whether the orientation of collagen fibers controls cell division orientation, we used
photolithography-based micro-patterning to engineer adhesive surfaces surface witiligitadr
collagen fibers versus non-aligned collagen network both with 2um spacing (Figure 7L and
Methods). We cultured primary keratinocytes on the two surfaces and scored orientatitbn of ce
divisions in both conditions (Figure 7M). Interestingly, orientation of cell division correlated
strongly with collagen fiber alignment while the cell division plane was randomized on the non-
aligned collagen network pattern (Figure 7N). Altogether, these data suggest that the spatial
organization of the orientation of DP is regulated by the local pattern of collagen fibers within the

upper dermis during development.

DISCUSSION

In this study, we have unraeglthe clonal dynamics and the underlying mechanisms that
mediate postnatal skin expansion using mouse tail and paw epidermis as models. By combining
proliferation kinetics, quantitative clonal analysis, mathematical modelling and single-cell RNA
sequencing, we propose that the postnatal expansion of the skin is mediated by single populations
of DPs in the different skin regions, which make stochastic fate choices at the single-cell level

between division and differentiation, but which are robustly imbalanced at the population level
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towards self-renewal. Our mathematical model revaasrprising simplicity in the process of
epidermal expansion. In particular, we find that quasi-linear epidermis growth is blueprinted via a
combination of (i) steadily decreasing cell division rate over time, and (ii) an intermediary level of
imbalance between self-renewal and differentiation, which is nearly constant over time and even

across tail scale and interscale regions.

We propose that the optimality during postnatal epidermal growth requires that the
epithelium maintains both a constant density of BCs throughout expansion, and that the ratio of
basalto suprabasal cells is kept constant to ensure the barrier function of the skin, essential for
animal survival. These two simple assumptions, which we validate experimentally, can only be
fulfilled by a near-constant imbalance and ever-decreasing division rate, explaining qualitatively
and quantitatively the design principles observed throughout the epidermal postnatal growth. This
suggests a model where cells regulate their fate choices not only to in-plane tissue expansion, but
also to constantly adjust the proportion of suprabasal cell produced to maintain the epidermal

thickness.

Our current model proposing a single population of DPs mediating the tail growth in each
scale and interscale regions contrasts with the homeostatic model previously proposed where a
more heterogeneous cell populations consisting of SCs asa®@E been proposed to co-exist in
the interscale (Mascre et al.,, 2Q01%anchez-Danes et al., 2016). Different hypotheses can be
advanced to explain this difference. The first would be that the IFE is only composed of DPs during
postnatal development and that SCs and CPs derive from DPs after puberty. A second possible
hypothesis would be that SCs are already present at birth but have similar dyoah@sSPs and
only acquire their slow cycling dynamics later, between P30 and P60. Our single cell RNA

sequencing data suggest that IFE BCs are more homogeneous as compared to the adult BCs, which
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present increase in heterogeneity with the appearance of an additional basal SC/CP population
starting to appear around P30, and two differentiated states corresponding to the scale and
interscale differentiation program. The increase in basal cell heterogeneity coincided with the

change in the clonal dynamic switching from an imbalance to a balance between renewal and
differentiation, demonstrating that the clonal dynamic changes around P30 at the end of postnatal

growth.

Interestingly, the strong imbalance observed during postnatal development is highly similar
to the one found durgtumor initiation after oncogenic Hedgehog (HH) signaling (Sanchez-Danes
et al., 2016), but strongly contrasts with the clonal dynamics reported upon wound healing
(Aragona et al., 2017). Interestingly, similar to our results in postnatal development, the strong
imbalance induced by the oncogene is constant over time and accompanied by singecrea
proliferation rate leading to the linear growth of the lesions over several weeks/months (Sanchez-
Danes et al., 2016). In contrast, upon wounding, a strong increase in IFE basal cell proliferation
occurs shortly after damage, but the basal clone size expands linearly, suggestmgutith
healing is a much more rapid process that does not trigger an imbalance for self-renewal, instead
relying on the production of progenitors from activagd populations (Aragona et al., 2017).
Further experiments will be necessary to investigate the role of specific signaling pathways

implicated in the control of cell fate decision.

Although we find epidermal expansion at the clonal level to be robustly coupled to the
expansion of the underlying tissue, analysis of clonal orientations demonstrated a more complex
picture. Indeed, we found that the local orientation of cell division (and consequently clonal
orientation) does not follow the axis of tail growth (which is overwhelmingly in the antero-

posterior) direction. Instead, clonal expansion is highly coupled to the local orientation of collagen
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fibers in the dermis, which display well-defined long-ranged patterns throughout tail expansion.
Usingin vitro micro-pattern of orientated or non-aligned collagen, we further demonstrated that
the clonal orientatiors dictated by the local pattern of collagen fibers. Interestingly, the observed
patterns of collagen/clonal orientation (Figure 7) closely mirror those obsemedswphila wing

disc morphogenesis (Mao et al., 2013). In both systems, a central epithelial region (scale in our
case) divides faster than its surroundings and displays radially oriented clones, while the
surrounding regions (interscale in our case) display orthoradially oriented clones. Given that this
pattern of orientation can be fully recapitulatedsilico by a vertex model, where the enhanced
proliferation of the central region mechanically compresses its surroundings (Mao et al., 2013),
this suggests that similar mechanical competition could occur in our system between scale and
interscale regions, and provide a local orientation mechanism for clones. Further studies will be
needed to understand how such intercalation events could be regulated, as well as how global tissue

expansion can scale with clone size while being uncoupled to local clonal orientation.

Altogether, our results suggest that postnatal epidermal expansion relies on the tight and
local regulation of three key parameters: cell fate imbalance, cell division rate and orientation of
cell division. Although some of these parameters could be partially determined by cell-intrinsic
factors (where imbalance for instance could be programmed to match the expected tissue growth,
or division rate decaying autonomously in time), an alternative regulatory candidate would be cell-
extrinsic cues such growth of the underlying dermis, epidermal thickness, cell density and other
mechanical constraints arising from the other epidermal cells and the external microenvironment
(Andersen et al., 2019). This is consistent with recent findings on the role of nearest-neighbor
interactions to couple basal division and differentiation during epidermal homeostasis (Mesa et al.,

2018 Miroshnikova et al., 20L8Rompolas et al., 2016), which provide a natural mechaanfsm
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basal cell density regulation. Such extrinsic mechanisms would be expected to increase the
robustness of the model with respect to fluctuations, which is key given that division rates and
imbalances need to be tightly controlled in this system to achieve the correct size. Further
experiments will be necessary to understand whether and how such feedbacks (from tissue size,
local density, thickness to division rate and/or imbalance) are implemented mechanistically.
Whether suprabasal density and/or tissue thickness are similarily regulated in other settings during
development and homeostasis remains an intriguing possibility that will need to be explored in the
future, as is the nature of the cross-talk between epidermis and dermis that couples dermal and

epidermal growth.
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FIGURE TITLESAND LEGENDS

Figure 1. The IFE expands linearly during postnatal development. (A) Representative
immunostaining of K31 in whole mount tail epidermis showing the scale (K31+) and interscale
(K31-) regions at the given time points (Maximum intensity projection of confocal images)
Yellow dotted line HF area, white circles :hair follicles. Nuclei are stained with Hoechst. Scale
bar = 100um. (B) Diagram of the tail epidermis showing its antero-posterior axis. Below a scheme
representing the scale (red) and interscale (blue) regions. Yellow rectéifgea, L: length, W

: width, white circles : hair follicles. (C-E) Measurement of the length (C), width (D) and calculated
total surface of the tail (E) from P1 to PG5 mice per time point). (F-H) Measurement of the
AP (F), LR (G) distances and the calculated surface didheollicle arca from P1 to P60 (n>3

mice per time point (1) Calculated fold increase of the tail surface (orange) and the hair follicle

area (cyan) from P1 to P60. Data are represented as mean + SEM. See also Figure S1.
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Figure 2. Lineage tracing of developmental progenitors recapitulates tissue growth. (A)

Genetic strategy used to target multicolor Confetti expression in K14-expressing BCs. (B) Protocol
used to study the fate of BCs targeted at birth (P1). (C) Represemtadiver eER/Rosa-Confetti
whole-mount tail epidermis collected at the given time pointiiced clonally at P1 (Maximum
intensity projection of confocal images). Scale bar = 50um. (D) Confocal images showing Confetti
clones from P4 to P60. Scale bar = 50um. (E-F) Quantification of the number of basal (E) and total
(F) cells per clone in interscale and schle.number of analyzed clones, brackets : average clone
size . (G) Quantification of the number of clonesidErarea in interscale and scale=number of

mice. (H) Graph showing the basal clone size from scale, interscale and all clones normalized to
their relative surface area, the expansion of the whole tail surfaddraadea. (1,J) Cumulative
distributions of interscale (I) and scale (J) basal clone size, rescaled by average elaalsiz

time points and well-described by a simple exponential distribution (black line). Data are

represented as mean + SEM.
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Figure 3. Ever-decreasing proliferation rate of DPs during postnatal growth. (A) Protocol of

the EAU/BrdU double-labeling experiment8:-G) Representative P4 whole-mount tail epidermis

at the given time points (B and C) (Maximum intensity projection of confocal images) and higher
magnification of BCs in interscale (D, F) and scale (E, G) at the same time [{bifi)
Representative P15 whole-mount tail epidermis at the given time points (H and I) (Maximum
intensity projection of confocal imageand higher magnification of BCs in interscale (J, L) and
scale (K, M) at the same time points. Yellow arrowheads : EdU/BrdU double-labeled cells. White
circles : hair follicles. Nuclei are stained with Hoechst. Scale bar = 50um. (N) Quantification of
EdU/BrdU double positive BCs in scale and intersaale3 mice). Lines : theoretical fits from a
model of stochastic division after a refractory phase. Data are represented as mean +)SEM. (O
Time evolution of the division rate in both scale (red) and interscale (blue) BCs from P1 to
P30.Thin lines : fit of the decrease in division rate over time, used for subsequent clonal modelling.
Error bars: mean an8D. (P) Average division time (TDiv) of epidermal BCs in interscale and
scale calculated from EdU/BrdU analysis. (Q) Quantification of Brdpimary keratinocytes
isolated from P2, P10, P30 and P60 mice, cultured for 48h and incubated for 2h with BrdU (n=2

experiments). See also Figure S2.
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Figure 4. A constant excess of symmetric renewing division mediates postnatal development.

(A-F) Theoretical modeling of thi€14-CreER/Rosa-Confetti clonal data. A single population of
DPsundergo stochastic fate choices with a constant imbalance of A=24% in favor of self-renewing

division (PP) compared to differentiation (DD), together with an ever-decreasing prialifgede
between P1 and P30, in both interscale (A) and scale (D). This model fits well with the measured
expansion of basal clone size (B and E) and clonal persistence (C and F) in each region. Symbols
. experimental data, linesnodel prediction (thick lineP1-P30 model, thin dashed line : P30-P60
homeostatic model). (G) Experimental design used to challenge the theoretical model. (H-I)
Representativé& 14-CreER/Rosa-Confetti epidermis analyzed 4 days (H) and 2 weeks (I) after
TAM injection at P15 (Maximum intensity projection of confocal images). (J-M) Confocal images

of representative clones in interscale (J, L) and scale (K, M) 4 days and 2 weeks after TA
injection. Scale bar = 50um. (N-Q) Quantification of interscale (N, O) and scale (P,QN\yd2pl

and total (O, Q) clone size over time (n=5 mid&Inumber of analyzed clones, brackets : average
clone size . (R-U) The theoretical model predicts well the experimental measures of the basal clone
size expansion (R,S) and the clonal persistence (T,U) in the interscale (R,T) and the scale (S,U) 4
days and 2 weeks after TAM administration to P15 mice. Symbols : experimental data, dashed

lines : model predictions. Data are represented as mean + SEM. See also Figure S3 and S5.
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Figure 5. A constant imbalance mediates har monious tissue expansion. (A-D) Schematics of
possible design principles underlying epidermal expansion (imposed by the growth of the tail)(See
Method). Epidermis could grow following balanced cell fates ahdjher proliferation rate (A)

which would lead to the accumulation of non-dividing differentiated cells in the basal layer and
DP dilution. In the case of Bang-Bang control mechanism (B) DPs would achieve onlytsigaime
renewal during a first period and produce an overshoot of DPs without any new suprabasal cells
produced. In a second period, DPs would achieve only asymmetrical divisions to re-establish the
suprabasal layers. In a constant division rate scenario (C), DPs would keep a constant division rate
but always change their cell fate outcome. By contrast with the other scenarios, a constant
imbalance (D) accompanied by a decreasing proliferation rate would enable to produce new DPs
and sustain the suprabasal cell density along the growth. (E-F) Quantification of the number of
suprabasal cells compared to the number of BCs in tail (E) and paw (F) epidermis(n=3 mice per
time point). (G-H Time evolution of the measured division rate (blue dots, from Figure 30) and
piece-wise inferred imbalance (orange dots, from clonal data) compared to the theory prediction
(thick lines) in scale (G) and interscale (H), after inputting the overall growth rates of the two
regions (from Figure 1) in the model. Theory of tissue expansion with the constraints of
maintaining basal and suprabasal density constant predicts a nearly constant imbalance rate (orange
line), and a constantly decaying division rate (blue line). Error bars: mean and SD. See also Figure

S4and STAR Method.

30

105



7.5
5.5-
N2.5-
o
=00-
Z0.0
_2_5_

-5.04

Young (P7)
iy 7.5+

UMAP_1
@ 0-DP GO (Il)

5.5/
Ni2.5]
o
<
Z0.0
.2_5_
-5_0_
5 0 5
UMAP_1

® 4-DP late G2-M

® 1 - Committed + Differentiated ® 5 - DP GO ()
® 2-DP S-G2-M

® 6 - Krt17"h G2-M

Adult (P60

® 3-DP G1-S © 7 - Krt6/H2-K 1"ieh
® 8 - Sox9Meh G2-M
Krt5 D. Mcm7 E.
5.5 5.5
Mcm7
~ 251 25 2.5
&I ?g %|
=0.0- ‘5 = 0.0
= 88 >
-2.5- -2.54
5.0 -5.0
0.0
N| N|
o B
< <<
s s
= | = |
-5.0 5.0

4 0 4
UMAP_1

Sostdc1

Sostdc1

0.0

4 0 4
UMAP 1

-10 5 0 5

UMAP_1
® 0 - Committed cells
® 1-S8C/CP GO (I)
® 2-SC/CP GO (ll)
® 3-SC/CP G1-S

7.5

-5.01

UMAP_1
® 4-SC/CP G2-M
® 5 - Differentiated interscale
® 6 - SC/CP GO (Il
® 7 - Differentiated scale

® 8 - Kri6hisn
F Cdc20 G Ccnd2
7.5+ 7.5+
.
5.5 5.59
Cdc20
N|2.5' 3, N|2.5'
o 2 0.
S <
= 0.09 :) = 0.01
-2.54 -2.54
-5.04 -5.01
0.0 0.04
o~ o~
D_I D_l
< <<
= =
. ) & |
-5.04 -5.04
10
K7.5—
5.59
~ 2.5
&I
E
= 0.01
-2.54
-5.04

a 0-DP GO (I)
@ 1 - Commited +
Differentiated

a 5-DP GO (l)

— Committed

- SC/CP GO (l)

SC/CP GO (II)

Differentiated
interscale

@ 6 - SC/CP GO (lil)

= 0]
o1
m 2
@5

. 0
PC_1

Ccnd2

oO=_2NWHA

@ 7 - Differentiated scale

Dekoninck et al., Figure 6



Figure 6. Single cell RNA sequencing of BCsin young and adult tail epider mis.

(A-B) UMAP dimensionality reduction plots for the individual (Ie# (A) and P60 (B) samples
using Seurat and the integrated dataset (right) using Harmony. Colors represent clustessidentiti
computed on the individual samplé€-O) Normalized expression of genes expressed in young
(upper panels) and adult (lower panel&)t5 (C) highlight basal celldvicm? (D), Cdkl (E) and

Cdc20 (F) are cell cycle genes revealing BCs in G1-§29Y and late G2-M respectivelZcnd2

(G), Col17al (H) andSparc (1) are three markers associated with Stem/progenitors Sedts(J),

Krtl (K) andKrt36 (L) highlight all differentiated cells, differentiated cdlhsadult interscale and

in scale respectivehsostdcl (M) is highly expressed in population SC/CP GO | in adult and DP
GO | in young sampledyit2 (N) and Wnt4 (O) appear in DP GO Il together but in separated
populations in adult sample. (P) Slingshot lineage trajectories for non-cycling cells showing a
unique direction toward differentiated cells in young sample (upper panel) and multiple directions

toward interscale, scale and SC/CP Il cell populations (lower panel). See also Figure S6.
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Figure 7. The orientation of the collagen fibers correlates with clone anisotropy and tissue
expansion. (A-B) Quantification of the clones repartition (A) and the proportion of anisotropic and
isotropic clones (B) counted ¢t14-CreER/Rosa-Confetti mice induced at P1 and analyzed at P30.
(n=726 clones, from 5 miceC-K) Maximum intensity projection of confocal images showing
representative anisotropic clones in interscale LR (C), interscale AP (D) and scale (E) as well as
second harmonic signal highlighting fibrillary collagen in the upper dermis of thili, red

dotted lines show fibers orientation, Scale bar = 100@:4) Quantification of the anisotropic

clone orientation and collagen fibers orientation relative to the AP axis in interscale LR (I),
interscale AP (J) and scale (KL-N) Schematic illustration (L) and quantification (M, N) of cell
division orientation in primary keratinocyte 2D culture plated on collagen-coated micro-patterned
surfaces, 24 hours post seeding. Roseplot shows orientation angle respect to aligned collagen fibers
(0°). (n> 300 mitoses/condition from 3 independent experiments; p<0.0001*, Mann Whitney). See

also Figure S7.
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SUPPLEMENTAL FIGURESTITLESAND LEGENDS

Figure S1. The hair follicle area expands linearly during postnatal development, related to

Figure 1. (A) Maximum intensity projection (upper panels) and confocal images (lower panels) of
K14-CreER/Rosa-YFP clones induced at P1 showing that clones appear in the scale (left),
interscale (middle) and also at the border of the two regions (right) at P30. These data show that
scale and interscale compartments are not yet defined at the time of the tracing induction. Yellow
dotted line surround scale region. Nuclei are stained with Hoechst. Scale bar = 50um. (B-C)
Schematic (B) and measurement (C) of the surface area occupied by suprabasal cells expressing
K31 compared to the hair follicle area measured by the HF coordinates as 60% of the HF area. Our
measures show that the HF area grows 2-fold from P7 to P15 while K31 staining expands 8-fold,
suggesting that a change in K31 expression occurs in the suprabasal cells that is not the reflection
of cell division as no patrticular increased cell division in the scale region reflects this expansion.
The expansion of K31 area correlates well with the overall tissue growth only after P15, when
scale/interscale differentiation is complete. Data are represented as mean ©>8EMc¢ per

time point). (D) Surface area of the scale and interscale BCs at different time points, measured on
confocal pictures, showing no difference of cell size during postnatal development (See Methods).

Data are represented as mean + SEM (n= 3 mice per time point).
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Figure S2. Ever-decreasing proliferation rate of DPs during postnatal growth, related to
Figure 3. (A) Genetic strategy used to induce H2B-GFP pulse chase experiments in epidermal BCs
and monitor the number of basal cell division overtime. In the absence of doxycycline (Dox) in
K5tTA/TetO-H2B-GFP mice, H2B-GFP is expressed at a uniform and high level in all BCs. Upon
Dox addition, the transcription of H2BGFP is blocked and H2B-GFP fluorescence is diluted by 2
at each cell division, which can be guantitatively monitored by FACS. (B-G) Examples of H2B-
GFP fluorescence peak patterns observed inTjaBD34'°92"¢ phy FACS analysis in unchased

mice having a high intensity of H2B-GFP (B), control CD1 mouse without any GFP sign&1C),
mice after one week of chase (D), P7 (E), P21 (F) and P30 (G) mice with different etiads, p

n=3 mice per time point. (H-1) Calculated division rate of BCs over time from the distribution of
the H2B-GFP dilution after 1 week (H) and average division time (Tdiv) of epidermal BCs for each
mouse age inferred from H2B-GFP analysis (I). (J) Fraction of suprabasal EdUeveellsasal

EdU+ cells in scale and interscale in EdU/BrdU double labeling experiments at different time
points (see Methods). n>3 mice per time point. (K-L) Scheme (K) and representative FACS plot

(L) of primary culture experiment used to asses the proliferation rate of freshly isolated
keratinocytes. Primary cells isolated from tail mice aged of P2,P10, P30 and P60 were farltured
48h, treated for 2h with BrdU and collected for FACS analysis. Untreated cells were used as

negative control.
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Figure S3. Lineage tracing of developmental progenitors in the paw epidermis also
recapitulate tissue expansion, related to Figure 4. (A) Whole-mount paw epidermis from
newborn (P1) and adult (P60) mice. (B) Measurement of the length of the paw from P1 to P60 (n>5

mice). (C) Measurement of the paw width from P1 to P60 (n>5 mice). (E) Calculated total paw

surface showing a linear increase frdinto P15 reaching a plateau after P21 (n>5 mice). (E-F)
Whole-mount paw epidermis (E) and quantification of BrdU positive BCs (F) analysed in P1, P7,
P15 and P30 epidermis 4h after a pulse of BrdU. (G-H) Representative pictures of whole-mount
paw epidermis froniK14-CreER/Rosa-Confetti mice induced with 10pg of Tamoxifen at P1 and
collected at P4 (G) and P30 (H). Scale bar = 1mm. (I-J) Quantification of the number of)basal (I
and total (J) cells per clone in paw epidermis counted on confocal pictures from P4 to P60 and
showing the expansion of the clones over time. N: number of analyzed clones , brackets : average
clone size . (K) Quantification of the number of clone per paw epidermis overtime. (L) Cumulative
distributions of paw basal clone size, rescaled by average clone size at all time points (purple,
green, blue, orange and yellow dots resp. for P4, P7, P15, P30 and P60). In all cases, the rescaled
distributions are well-described by a simple exponential distribution (black line). Data are
represented as mean + SEML-O) The theoretical model predicts well the experimental measures

of the basal clone size expansion (M), the decreasing proliferation rate (N) and the clonal
persistence (O) in the paw epidermis. Symbols : experimental data, green lines : model predictions.

Data are represented as mean + SEM.
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Figure $S4. Simulation of basal cell density and basal to suprabasal ratio according to the
different theoretical models, related to Figure 5. Comparison between model prediction and
data (both shown for interscal®lack : suprabasal/basal ratio, red : basal density in ceil pér

(A) Influence of the value of constant imbalarce- 0,15, 27,40% (with continually adjusting
division rate as in main text), showing for instance that imbalances of 15% or 40% produce highly
different predictions, while an imbalance of 27% produces harmonious growth with constant basal
and suprabasal densities (B) Predictions of bang-bang dynamics (transitioA=ft0®% to 0%
imbalance at varying time points: P1, P4, P7 and P15) together with a continually decreasing
division rate (as in main text), producing a vast excess of BCs. (C) Prediction of a “soft” bang-

bang dynamics (transition from varying, partial imbalance values20,40,60,80% to A =0% at

P15), which again provides poor fits to the data, in particular as it predict a drop of basal density
post P15, not observed in the data. (D) Predictions for a continually adjusting/decreasing
imbalance, together with a constant division rate, not observed in the data (resp. 1,2,3 and 4

divisions per week). Error bars: mean and SD.
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Figure Sb. Transition between postnatal expansion and adult homeostasis, related to Figure

4. (A) Model of the clonal dynamics governing scale and interscale homeostasis (Sanchez-Danes
et al., 2016). (B) Experimental scheme of the clonal analysis performed at the time of the transition
between the postnatal growth and adult homeostasis to challenge the theoretical model. (C-D)
RepresentativéiK14-CreER/Rosa-Confetti whole-mount epidermis analyzed 4 days (C) and 4
weeks (D) after TAM injection at P30 (Maximum intensity projection of confocal images). (E-H)
Confocal images of representative clones in interscale (E, G) and scale (F, H) 4 days and 4 weeks
after TAM injection. Scale bar = 50um. (I-L) Quantification of interscale (I, J) and scalg (K, L
basal (I, K) and total (J, L) clone size over time at P30. N: number of clones analyzed froen 5 mic
brackets : average clone size. (M-P) The model predicts well the basal clone size expansion (M,
O) and the clonal persistence (N, P) in interscale and the scale at the different time points. Symbols

:experimental data, dashed lines ; model prediction. Data are represented as mean + SEM.
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Figure S6. Single-cell RNA sequencing of Developmental Progenitors in young and
Stem/progenitorsin adult, related to Figure 6. (A-B) Heatmap showing the relative expression

of the genes defining the different populations in young (A) and adult (B) samples. DP GO and
SC/CP GO populations are showrthwarrows. (C-G) UMAP dimensionality reduction plots
colored by the degree of regulon activation for transcription factors differentially activated (AUC
rank-sum test FDR corrected p-value < 0.05) in DP GO | (C) and DP GO II (D) or both (E) and in
differentiated cells (F,G) in young (upper panel) and adult (lower panel). Color scaling :AUC value
of target genes in the regulon being expressed as computed by SCENIC. (H) Heatmap showing the
relative expression of the genes identified in adult SC/CP populations in non-cycling BCs at P7,
P30 and P60. Rows represent marker genes for P60 SC/CP subpopulations with a log-fold change
in expression greater than 0.3. Columns represent cells belonging to DP clusters at P7 and SC/CP
clusters at P30 and P60. The colour of the cells represent normalized expression values for each
gene-cell combination. P7 and P60 samples were subsampled to 200 cells each respectively. (I-K)
Scatter plots of marker gene set enrichment. Dots represent individual cells in DP clusters at P7 (1)
and SC/CP clusters at P30 (J) and P60 (K). The x-axis represents the AUC values computed for
eadt cell using the AUCell package and describe how high they express the P60 SC/CP GO I
marker genes whereas the y-axis represents AUC values for the SC/CP GO Ill marker geaes. Lin
correlations between the two AUC values is linked to sensitivity of detection and is correlated with
the number of detected genes. Cells following a diagonal trend represent cells that homogeneously
express the two sets of markers while cells deviating from the trend represent cells expressing

distinct transcriptional marker gene signatures.
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Figure S7. Clone shape and mechanical constraints during postnatal skin expansion, related

to Figure 7. (A) Whole-mount tail skin epidermis showing isotropic clones in the different regions
of the tail IFE at P30 in &14-CreER/Rosa-Confetti mouse induced at P1 (Maximum intensity
projection of confocal pictures). (B-C) Whole-mount epidermis (B) and second harmonic signal
highlighting fibrillary collagen in similar area (C) collected from mice aged of P4arfd P15.
Yellow dotted square : hair follicle area with the scale in the center, red dotted lines : orientation
of the collagen fibers. Note the preferential orientation of the clone along the collagen fibers. Sca

bar = 100um.
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STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING.

Further information and request for resources and reagent should be directed to the Lead Contact,

Cedric Blanpain_(cedric.blanpain@ulb.ag.be

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental model and subjects details

Mice. K14-CreER (Vasioukhin et al., 1999) and TRE-mCMV-H2B-GFP (Tumbar et al., 2004)
transgenic mice were provided by E. FUdStTA (Diamond et al., 2000) mice were a kind gift

from Glick. Rosa-Confetti (or Brainbow-2.1) mice (Livet et al., 2007) were provided by H. Clevers.
Rosa-YFP (Srinivas et al., 2001) mice were purchased from Jackson Laboratory (U@B3™

EGFP (used to exclude bulgkgr5+ cells) mice (Tian et al., 2011) were kindly provided by
Genentech (San Fransisco, USA). CD1 mice were purchased from Charles River (France). Mice
used in this study were composed of males and females with mixed genetic background. The single-
cell RNA sequencing was performed on males. 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 colonies were maintained in a
certified animal facility in accordance with European guidelines. The experiments were approved
by the local ethical committee (CEBEA) (#446N; #604N).

Method details

Monitoring epidermis growth. For the tail epidermis analysis (Figure 1), 3 mouse litters were
used to measure the length (L) and width (W) (at the proximal part) of the tail every 1 to 3 day

from P1 to P60 using a precision calliper. The surface (S) of the tail was calculated as a triangle
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with the formula S = (W x n x L)/2. For the hindpaw epidermis, pictures of whole-mount hindpaw
were acquired entirely and the length (L) and the width (W) of the tissue were measured using the
Zen software (n = 4 hinpaws per time point). The paw surface was calculated as a rectangular shape
with the formula S=L x W.

Quantification of Hair follicle, K31 and basal cell areas. For Hair follicle and scale K31+ areas,
measures were performed on maximum intensity projection of confocal pictures (10x objective)
from wholemount tissues stained with K31, B4 integrin and Hoechst. These data show that the
epidermal region undergoing scale differentiation (K31+) arises around P7 at the center of the
future scale region and is spreading rapidly until P14. After P14, the relative surface of the scale
and interscale regions remains constant during the course of postnatal growth until adult
homeostasis (Figure S1CrFor K31+ area, a drawing line surrounding the surface was performed
manually and the area was calculated using the ZEN2012 software. The HF area is defined as a
rectangle surrounding the scale in which the width corresponds to the distance between two hair
follicle lines in the antero-posterior axis (=Antero-Posterior (AP) distance) and the length
corresponds to the distance between two central hair follicles located in adjacent triplets (= Left-
Right (LR) distance). These distances were measured using the ZEN2012 software (Zeiss). The
hair follicle (HF) area was calculated with this formula : HF= AP x LR. The average of four ha
follicle units was calculated for each meufor each time point (n>3 mice per time point). To

measure basal cell area, whaleunt tissues were stained with 4 integrin, phalloidin and Hoechst

and pictures were acquired with the confocal microscope (40x objective, z=1 um). BCs were
identified basd on the orthogonal view and the expression of 4 integrin in their basal side. Cell

area was measured manually by drawing the contour of each cell revealed by phalloidin signal in
the x-y plan using the ZEN2012 software (Zeiss). The average area of 10 cells in scale and 10 cells

in interscale was calculated per mouse (n=3 mice per time point).
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Rosa-Confetti and Rosa-YFP clones induced in mice. For lineage tracing experimer14-
CreER/Rosa-Confetti mice were induced at postnatal day 1 (P1),P15 or P30 with Tamoxifen (0,01
mg/g diluted in 5-10%vol/vol Ethanol and sunflower seed oil, Sigma cat. n° T5648) by intra-
peritoneal (IP) injection. The same dose of tamoxifen was used to induce clones in both tail and
paw epidermiskK14-CreER/Rosa-YFP mice were injected IP at P1 with Tamoxifen (0,001 mg/qg).
Mice were then sacrificed at the appropriate time points following injections.

Antibodies. The following primary antibodies were used: dntegrin f4/CD104 (rat, 1:200, BD
Biosciences, 553745), anti-K14 (chicken, 1: 2000, custom batch, Thermo Fisher), anti-K31 (guinea
pig, 1:400, ProgerGP-hHal), anti-BrdU (rat, 1:200, Abcam), Alexa 647-coupled BrdU antibody
(mouse, 1:200, BD Biosciences, 560209), atintegrin PE-conjugated (clone GoH3; 1:200,
ebioscience) and biotinylated CD34 (clone RAM34; 1:50, BD Biosciences). The following
secondary antibodies were used: anti-rat conjugated to Cy5 (Jackson Immuno Research) or to A488
(Molecular Probes), anti-chicken conjugated to Rhodamine Red-X (Jackson Immuno Research),
anti-guinea pig conjugated to Rhodamine Red-X (Jackson Immuno Research) or to Alexa488
(Molecular Probes) and Streptavidin conjugated to APC (1:400, BD Biosciences). Alexa488
conjugated phalloidin (Life Technologies) was used 1:200 in blocking buffer to visualize F-actin
microfilaments and highlight cell membranes. Nuclei were stained with Hoechst (1:2000).
Epidermal whole-mount and immunostaining. Pieces of skin from tail or hindpaw were
incubated in PBS /EDTA (20mM) on a rocking plate at 37°C for 30 min (P1-P7 tail skin), 45 min
(P15 tail skin) or 1 hour (P30, P60 tail skin and all hindpaw skin). Epidermis was separated from
the dermis using forceps as an intact sheet and washed 3 times with PBS. Pieces of epidermis were

pre-fixed in 4% paraformaldehyde for 30 min to 1 hour at room temperature. Epidermis were rinsed
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3 times with PBS for 5 min and conserved in PBS with 0.2% azide at 4°C. For immunofluorescence
staining the entire pieces of epidermis were incubated in blocking buffer (1% BSA, 5% horse
serum, 0.8% Triton in PBS) for 3 hours at room temperature on a rocking plate (100 rpm). The
samples were incubated in primary antibodies overnight at room temperature, on the rocking plate
(100rpm). Samples were then washed 3 times in PBS with 0.2% tween during 1 hour and incubated
in appropriate secondary antibodies diluted 1:400 and Hoechst solution diluted 1:2000 in blocking
buffer for 1-2 hour at room temperature on the rocking plate (100rpm). Then the samples were
washed 3 times in PBS 0,2% tween and mounted in DAKO mounting medium supplemented with
2.5% Dabco (Sigma). For EdU/BrdU staining, samples were first stained with the primary
antibody, washed and stained with the secondary antibody, following the protocol described above.
Edu staining was performed following the manufacturer’s instructions (Invitrogen). Briefly, the
samples were blocked with a solution of BSA3% for 5min, permeabilized with a solution of Triton
0,8% for 20 min, blocked again with BSA3% for 5min and incubated in Click-it reaction Cocktail
for 40 min in dark. The cocktail was removed and the samples were again blocked with BSA 3%
for 5min, washed 3 times in PBS, fixed in PFA 4% for 10min and washed 3 times in PBS and
incubated in HCI 1M at 37°C for 45 min. After, they were washed with PBS 0,2% Tween and
incubated overnight with BrdU antibody in blocking buffer. The next day, samples were washed
in PBS 0,2% Tween, incubated in Hoechst solution diluted 1:2000 in PBS 0,2% tween for 30 min.
Samples were washed 3 times in PBS 0,2% Tween and mounted as described above.

Whole skin clarification. Whole skin (dermis and epidermis) was removed from the tail bone and
fixed overnight in 4% PFA at 4°C. Samples were washed 3x in PBS and cleared usiteathe C
Unobstructed Brain Imaging Cocktails and Computational analysis (CUBIC) described by Susaki
and colleagues (Susaki et al., 2014). Briefly, ScaleCUBIC-1 (reagent 1) was prepangictasea

of 25 wt% urea (Nacalai Tesque Inc., 35904-Japan), 25 wt% N,N,N’,N’-tetrakig2-
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hydroxypropyl) ethylenediamine (Tokyo Chemical Industry CO., LTD., T0781, Japan), and 15
wt% polyethylene glycol mono-p-isooctylphenyl ether/Triton X-100 (Nacalai Tesque Inc., 25987-
85, Japan). ScaleCUBIC-2 (reagent 2) was prepared as a mixture of 50 wt% sucrose (Nacalai
Tesque Inc., 304035, Japan), 25 wt% urea, 10 wt% 2,20,20’-nitrilotriethanol (Wako Pure
Chemical Industries Ltd., 145-05605, Japan), and 0.1% (v/v) Triton X-100. Skin was cutted in
pieces (1 to 2cA and incubated in reagent 1 for 3 days on a rocking plate (100 rpm) at 37°C
protected from the light, after which the solution was exchanged and the sample was washed with
PBS several times at room temperature while gently shaking, immersed in 20% (w/v) sucrose
(#107651, Merck) in PBS, degassed, and immersed in reagent 2 containing 7-AAD (1:1000,
A9400, Sigma) for nuclei vizualisation, for 2 days at room temperature on a rocking plate. Each
reagent were prepared freshly. Samples were acquired using 2-PE microscopy witgehezea

as immersion solution.

Microscope image acquisition and measurements. All confocal images from whole-mount
epidermis were acquired at room temperature with a LSM780 confocal system fitted on an
AxioExaminer Z1 upright microscope equipped with C-Apochromat 40x/1,1 water, Plan
Apochromat 25x/0.8 water and C-Apochromat 10x/0.45 water immersion objectives (Zeiss, lena,
Germany). Optical sections (z = 2um) 512 x 512 pixels were collected sequentially for each
fluorochrome. Confetti colors were acquired using tracks (mCFP : Ex: 458 nm, Em : 464-518nm/
RFP : Ex: 543nm; Em: 570-625nm/ EYFP-nGFP: Ex: 488; Em: 508-571nm). For whole tissue
representations of tail and paw, maximum intensity projections of confocal pictures were obtained
with the ZEN2012 software. Second harmonic signal was acquired from cleared whole skin
samples at room temperature with a LSM780 confocal system fitted on an AxioExaminer Z1
inverted microscope equipped with C-Apochromat 40x/1,1 immersion objective and a 2Photon

laser Chameleon Vision Il (690-1064nm) (Coherent) (Zeiss). Samples were excited at 920nm and
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acquired as z-stacks (z=4 um). The data sets generated were merged and displayed with the
ZEN2012 software (Zeiss). Pictures representing second harmonic signal are maximum intensity
projectiors of several pictures over 40um in the upper dermis.

EdU/Brdu proliferation experiments. For the double pulse experiments in the tail epidermis,
mice were first injected IP with EAU (12,5mg/kg in PBS, Invitrogen) and second with BrdU
(50mg/kg in PBS, Sigma). P4 and P7 CD1 mice were injected with one single injection IP of EdU
and several injections (continuous pulse, 3 injections/day) of BrdU, 12h after the last EdU injection.
Mice were sacrificed 24h and 48h after the first BrdU injection. P15 CD1 mice were injected |
with EdU (3 injections/day) and then injected IP with BrdU (3 injections/day) 12h after the last
EdU injection. Mice were sacrificed 48h and 96h after the first BrdU injection. P30 and P60 CD1
mice were injected IP with EdU (3 injections/day) and then injected with BrdU (1 injection/ day)
and BrdU was added in drinking water (1mg/ml). P30 and P60 CD1 mice were sacrificed 48h-96h
and 96h-144h respectively after the first BrdU injection. For the BrdU experiments in the hindpaw,
mice were injected with a single dose of BrdU (50mg/kg in PBS, Sigma) intraperitoneally and
sacrificed 4 hours after.

H2BGFP proliferation experiments. KStTA/TRE-mCMV-H2B-GFP mice were first treated with
doxycycline (Sigma, cat n° D9891) by intraperitoneal injection (26mg/kg) at P1, P7, P21 or P30.
Mice were continuously fed with doxycycline in drinking water (2g/L) (through their feeding
mother for mice younger than P21) during one, two and for weeks until animal euthanasia. Samples
were collected and analysed by FACS.

FACS analysis of basal epidermal cells. The dermis and epidermis were removed from the tail
bone using forceps. The samples were incubated in HBSS (Gibco) 0,25% trypsin (Gibco) at 4°C
overnight. The next day, the epidermis was separated from the dermis. Epidermis was then

incubated on a rocking plate (100 rpm) at room temperature for SB@8smwere mechanically
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separated from the epidermis by flushing 10 times under the epidermis. Tissues were then cut in
small pieces with a scalpel and trypsin was neutralized by adding DMEM medium (Gibco)
supplemented with 2% Chelex Fetal Calf Serum (cFCS). Samples were filtrated on 70 and 40um
filter (Falcon). Cells were incubated in PBS 2% cFCS with primary antibodies for 30 min on ice,
protected from the light, with shaking every 10 min. Basal IFE and upper hair follicle cells were
stained using PE-conjugated am-integrin (clone GoH3; 1:200, ebioscience) and bulge cells
were stained with biotinylated CD34 (clone RAM34; 1:50, BD Biosciences). Primary antibodies
were washed with PBS 2% cFCS and cells incubated for 30 min in APC-conjugated streptavidin
(BD Biosciences), on ice, with shaking every 10 min. Secondary antibody was washed with PBS
2% FCS and cells were incubated in Hoechst solution (1:4000 in PBS 2%cFCS) prior FACS
analysis. Living epidermal cells were gated by forward scatter, side scatter and neigativag

for Hoechst dye. For H2BGFP proliferation experimetS{TA/TRE-mCMV-H2B-GFP mice
chased with doxycycline were used. B®sre targeted using CD34 negative and a6 integrin

positive gating. For P7, P30 P60 basal epidermal cells sottgn§°™ESFP mice (Tian et al.,
2011)(knockin mice containing an Enhanced Green Fluorescent Protein (EGFP) under the control
of theLgr5 regulatory region, allowing to identify and excludg5-expressing cells of the bulge)

were used and BCs of the interfollicular epidermis were enriched using EGFP negative, CD34
negative, a6 integrin positive gating. Analysis were performed on a FACS Fortessa (BD
Bioscience) and using FACS Diva software. Cell sorting was performed using a BD Influx at
KULeuven Core facility (Leuven, Belgium) (P7 and P60) or a FACS Aria | at the ULB Flow
Cytometry platform (Brussels, Belgium) (P30).

Primary cultureof keratinocytes. Primary tail keratinocytes were freshly isolated from mice aged

of P2, P10, P30 and P60. Before isolation, the whole tail was washed 30sec in distilled water, 1min
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in 70% ethanol, 30 sec in distilled water, 1 min in PBS and cleaned 5min in an antibiotic solution
(Penicillin-Streptomycin diluted 200U in PBS). An incisional cut was performed along the long
axis of the tail with a scalpel, the dermis and epidermis were separated from the tail bone and
incubated (epidermis up) for 20min (P2) to 60 min (P60) in PBS 0,8% Trypsin (Gibco) at 37°C on
rocking plate. The epidermis was separated from the dermis and flushed 10x with a Pasteur pipette
on the dermal side. The epidermis was cut in small pieces and trypsin was neutralized by adding
Keratinocyte Growth Medium (KGM). KGM is composed of Minimum essential medium eagle
(MEM, M8167, Sigma) complemented with Insulin (5upg/ml, 15500, Sigma), EGF (10ng/ml,
SRP3196, Sigma), Transferrin (10pug/ml, T8158, Sigma), Phosphoethanolamine (10uM, P0503
Sigma), Ethanolamine (10uM, EO0135, Sigma), hydrocortisone (0,36pg/ml, cat no 386698,
Calbiochem), Glutamine (2mM, Gibco), Penicillin (100U/ML), Streptomycin (100ug/ml, Gibco),
chelated fetal calf serum (cFCS, 10%, Gibco) and CaCl2 (100{INg cells were further
dissociated with 5ml pipette up & down (15x). The cell solution was filtered through 70um filter,
centrifuged at 250xg for 10 min and resuspend in KGM. Viability was assessed by manual counting
and Trypan blue. 1,5x20iving cells were plated in 12 wells plates m@ated with human
fibronectin (10pug/ml) and rat tail collagen | (30pg/ml). The medium was changed after 24h to
remove non-adhering cells.

Quantification of EdU/BrdU experiments. The quantification was made manually with the
ZEN2012 software (Zeiss), using z-stack acquisitions (z=1-2um, 40x objective) of wholemount
tissues stained for K31, EAU and BrdU for the tail epidermis and for BrdU and K14 for the hindpaw
epidermis. Nuclei were colored with Hoechst. For the tail epidermis analysis, a minimum of 300
basal EAU+ cells were counted per mouse for each time point in at least 4 HF units (n>3 mice per

time point). Given the slowing down of the division rate in time, we adapted the duration of the

BrdU chase with developmental time (24h/48h for P4 and P7, 48h/96h for P15 and P30) in order
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to capture better dynamically the evolution of double labelling in time. For the hindpaw epidermis
analysis, a minimum of 185 basal BrdU+ cells were counted per mouse for each time point (n = 3
mice per time point).

Quantification and proliferation experimentson primary keratinocytes. After 48h of culture,

half of the medium was removed from each well containing primary keratinocytes and replaced by
medium containing either BrdU (10uM final concentration) or fresh medium (control) for 2h. Cells
were washed 3 times with PBS and incubated with Trypsin 0,25% and 0,5mM EDTA (Gibco) for
20min at 37°C. Trypsin was neutralized with KGM containing serum, cells centrifuged (10min at
250 x g) and resuspend in PBS 2% cFCS for countirfedll® were stained for BrdU following

the manufacturer’s protocol (BD Bioscience). Briefly, cells were incubated with PE-conjugated
anti-a6-integrin (clone GoH3; 1:200, ebioscience) diluted in PBS 2% cFCS for 30min on ice, with
shaking every 10min. Cells were then washed with PBS 2% cFCS, centrifuged and the pellet was
resuspended in Cytofix/Cytoperm. After an incubation of 15min at room temperature, cells were
washed with Perm/Wash and centrifuged. Cells were then resuspended in Cytoperm Plus,
incubated for 10 min on ice then washed with Perm/Wash and centrifuged. Cells were re-fixed
with Cytofix/Cytoperm for 5 min at room temperature, washed with Permwash and centrifuged.
Cdls were then treated with DNAse for 1h at 37°C, then washed with Perm/Wash and centrifuged.
Finally, cells were resuspended in FITC-conjugated anti-BrdU (clone B44; 1:50, BD Biosciences)
diluted in Perm/Wash and incubated 30 min at room temperature, then wash with Perm/Wash and
centrifuged. Cells were finally resuspended in PBS 2% cFCS for FACS analysis. FITC positive
cells were quantified using the FACS Diva Software amongifantegrifd’o" in two biological

samplesAt least 6000 living cells were analysed for each experiment.
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Quantification of clone size and persistence. For the tail epidermis analysis, regarding the
absence of correlation between K31 staining and hair follicle area surface increase at early time
points, we decided to not use the K31 staining to score the clones in scale but rather consider an
elliptical surface covering 60% of the HF area at each time point (Figure S1A-C). Wboids
obtained fronK14-CreER/Rosa-Confetti induced at P1,P15 or P30 asagined for B4 integrin were
analysed by confocal microscopy. Orthogonal view was used to see in 3 dimensions RFP, YFP,
MCFP or nGFP positive cells and quantify the number of basal and total cells per clone.@ells we
considered as basal when their basal side was positive for 4 integrin. For the tracing induced in

the tail epidermis at P1, 104 clones at P4 (n= 3 mice), 158 clones at P7 (n= 4 mice), 245 clones at
P15 (n=5 mice), 295 clones at P30 (n=5 mice) and 623 clones at P60 (n=9 mice) were analysed.
For the tracing induced at P15, 178 clones at 4 days post-induction (n=5 mice) and 286 clones at 2
weeks post-induction (n=5mice) were analysed. For the tracing induced at P30, 209 clones at 4
days (n=5 mice) and 265 clones at 4 weeks (n=5 mice) post induction were analysed. For clonal
persistence, large areas of tissue (at least 100 hair follicle triplets/mouse for P1 tracing, and 4 to 10
hair follicle triplets/mouse for P15 and P30 tracing) were scanned using the 10x or 25x objectives.
The number of basally attached clones was divided by the number of hair follicle triplets counted
in the same area (n>5 mice per time point). For the hindpaw epidermis, clones were induced at P1
and were analysed in the portion of the paw devoided of hair follicles and pads. 152 clones at P1
(n=3 mice), 107 clones at P7 (n= 2 mice), 108 clones at P15 (n=3 mice), 125 clones at P30 (n=3
mice) and 80 clones at P60 (n= 3 mice) were analysed. For the clonal persistence, thefsurface o
the paw without hair follicles and pads was calculated on wholemount using the Zen software and

the total number of clones present within this area was counted.
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Quantification of theratio suprabasal/ BCs and basal cell density in tail and paw epider mis.
Wholeimount tissues stained for B4 integrin, phalloidin and hoechst were acquired with confocal
microscope (40x objective). BGeere positive for p4 integrin on their basal side. For the ratio of
suprabasal/ BCs, the number of basal and suprabasal nuclei within a surface delimited in tail scale,
tail interscale or paw were counted manually using the ZEN21012 software (Zeiss) for each time
point. Suprabasal cells in the stratum corneum were not included. At least 230 BCs were counted
per region per animal (n= 3 mice per time point).

Quantification of clones and collagen fibers orientation. To quantify clone orientation, whole-

mount tissues stained with B4 integrin were acquired with confocal microscope (10x objective),

files were processed with the ZEN2012 software (Zeiss) to obtain maximum intensity projection
and were saved dHf. files. 726 clones were manually scored as isotropic or anisotrofit4in
CreER/Rosa-Confetti (WT) (n=5mice). Clone orientation was measured using Axiovision LE64
software (Zeiss) using th@&ngle 3 measure tool, setting the 0° parallel to the antero-posterior
direction of the Hair follicles. A total of 348, 131 and 29 anisotropic clones were measured in scale,
interscale AP and interscale LR respectivelyKit¥-CreER/Rosa-Confetti (WT) mice (n=5 mice).

To quantify collagen fibers orientation, clarified whole pieces of skin from tail were acquired using
2-PE confocal microscopy. Z-stack pictures representing second harmonic signal wereaserged
maximum intensity projections over 40um in the upper dermis. Pictures were satiéfdfikes

and quantification of the collagen fibers was made using the Fibriltool ImageJ plugin (see
(Boudaoud et al., 2014) for details). In brief, boxes were manually defined on large-scale 2D
projections of the dermis, in each LR interscale, AP interscale and scale regions, and an average
angle of orientation was extracted for each (defined as shown in Figure 7).

Invitro collagen | micro-patterning and quantification. Nikon TI-E inverted microscope (Nikon

Instruments) equipped with a Super Plan FLuor 20x ELWD lens (Nikon) lens and a DMD-based
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UV (375nm) patterned PRIMO illumination device (Alveole) was used for all micropatterning
experiments. PRIMO was controlled by the associated Leonardo plugin (V3.3, Alveole) on a
micromanager platform (Fiji). In order to generate non-aligned mesh-like and aligned
micropatterns, 2um-spaced grids of either perpendicularly-intersecting or parallel lines,
respectively, were projected onto plasma-treated (Corona Treater, ETP), PLLgPEG-passivated
(SUSOS) 35mm glass-bottom dishes (Ibidi). Patterned areas were then conjugated with a uniform
coating of collagen I by polymerizing 0.5mg/mL solution of rat tail collagen | (BS Bioscience)
0.02N acetic acid over night at 4 degrees centigrade. The substrates were then wasHg8g, with P
sterilized with 70% ethanol solution, and equilibrated with DMEM (Gibco) prior to seeding 500K

of freshly isolated E15.5 mouse keratinocytes onto each 35mm dish. Keratinocyte monolayers were
allowed to proliferate on the patterns for 24 hours, at which time they were fixed and processed for
immunofluorescence and quantification analyses. Division angles were quantified with respect to
the directions of aligned collagen grids (set to 0 degrees) using y-tubulin to mark the division axis.
MATLAB software (vVR2010a Student, Mathworks) was used to generate rose plots of angle
distributions.

Singlecell RNA library preparation and sequencing. After sorting, 6000 cells were loaded onto

each channel of the Chromium Single Cell 3’ microfluidic chips (V2-chemistry, PN-120232, 10X
Genomics) and individually barcoded with a 10X Chromium controller according to the
manufacturer’s recommendations (10X Genomics). RNA from the barcoded cells was reverse
transcribed, followed by amplification, shearing 5’ adaptor and sample index attachment.

The libraries were prepared using the Chromium Single Cell 3° Library Kit (V2-chemistry, PN-
120233, 10X Genomics), quantified using a low coverage Illlumina NextSeq 550 run
and sequenced on an lllumina NovaSeq generating 343M, 245M and 336M reads for the P7, P30

and P60 libraries respectively. 10.338, 948 and 10.920 cells were detected, with a mean number
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of 33.179, 245.972 and 30.857 reads per cell, detecting a median of 2.290, 5.050 and 2.309 of genes
per cell.

Single cdl bio-informatic analysis. Sequencing reads were aligned and annotated with the
mm10-1.2.0 reference data set as provideti®yGenomics and demultiplexed using CellRanger
(version 3.0.2) with default parameters. Cell-cycle assignment was performed usogurite
package (version 1.10.1). Expression value scaling and normalization, PCA and UMAP
dimensionality reductions and clustering were performed using the Seurat (Butler et alR2018)
package (version 3.0.1). After filtering contaminant cells belonging to the infundibGoxsf'e",

Krt17"Moh Krt79"9" and sebaceous glan@c@d1M", Mgst1"9" and Elovi6"9") as well as cells
containing a high content of mitochondrial genes, suamta3ol (dying cells) and filtering for

cells with fewer than 2.500 UMI counts, 6.102, 673 and 7.551 cells were further analyzed in P7,
P30 and P60 samples respectively. After filtering, expression values were renormalized, rescaled
and reclustered and cells were manually annotated based on their expression of differentiation
related genes. A subset of clusters expressed cell-cycle related genes and were manually annotated
considering the higher expression of known cell-cycle stage genes. Genes controlling DNA
replication licensingNicm2, Mcm3, Mcm7) and DNA replication forksLigl, Rpa2) were used to

define G1-S cluster (cluster 3 at P7 and P60 ). Genes controlling the entry in mdp2#s Cdkl,

Cenpf, Birch, Cenpa, Ccnb2, Hmgbl) were used to define the@2-M cluster (cluster 2 at P7 and
cluster 4 at P60) which also had low expression of genes of the G1-S dlst2; Mcm3, Mcm?).

The Late G2-M cluster (cluster 4 at P7) harbored well known genes controlling m@esps,(

Ccnb2, Hmgbl) without the genes controlling G1-Bl¢m2, Mcm3, Mcm7) and lower expression

of the genes controlling the entry of mitosi®g2a, Cdkl, Cenpf, Birch). Clusters were defined

using Seurat at multiple resolutions (0.3, 0.5, 0.7, 0.9) and marker gene discovery was performed

using the FindAllIMarkers function of the Seurat package using the Wilcoxon Ranked Suin test.
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clustering resolution of 0.5 was chosen as it resulted in the clearest set of transcriptional signatures
and revealed clusters with biological significances, such as the differentiated cells in scale and
interscale at P60. Markers were then selected by setting the threshold to all genes with an
adjustedp-value lower than 0.05. Pseudotime ordering of the IFE population was performed using
the Slingshot R package (version (1.3.1) on the PCA embedding and the trajectories were
visualized on the first 2 UMAP Componentsaj€ctory inference was performed on the datasets
filtering out automatically annotated cycling cells and manually annotated cell-cycle related
clusters.Gene regulatory network analysis was performed using pySCENIC (commit
0.9.9+2.gcaded79) (Aibar et al., 2017) with default parameters. AUC values for gene set
enrichment were computed using the AUCell R package (version 1.6.1). Batch integration was
performed using Harmony (version 1.0) after scaling expression values for each sample

independently using Seurat.

Theoretical modelling

Theoretical basis for interpreting lineage tracing experiments

The theoretical basis of the lineage tracing data analysis in the mouse epidermis have been
reviewed extensively in (Mascre et al., 20Banchez-Danes et al., 2016), partidylan the
context of homeostatic renewal and oncogenic activation. These studies have revealed that scale
and interscale regions in the mouse tail epidermis consist of independent, stochastically renewing,
populations: (i) a single population of progenitors in scale with perfectly balanced fate (dividing
every 4-5 days); and (ii) a hierarchy of nearly-balanced, long-lived progenitors (also dividiyng eve
4-5 days, and preferentially labelled nv-CreER mice), renewed infrequently by a rare population

of stem cells (preferentially labelled KiLl4-CreER mice), undergoing stochastic fate choice, in
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the interscale. In order to clarify whether this hierarchy and spatial compartmentalization holds
during postnatal development, a strategy of quantitative lineage tracing was implemented via the
K14-CreER mouse tracing from P1 to P4, P7, P15, P30 and P60, to follow the dynamics of tail

growth at the clonal level.

At all time points, clone size distributions, both for basal and suprabasal cellsigraspn,),
were found to be highly heterogeneous, and growing by a similar amount to the tail as,a whole
arguing for clonal representativeness. We also found that scale clones were larger than interscale
clones at all time points (see tf@uantification and Statistical analysis” section). Strikingly, we

found that basal clone size distributions at all time points converged towards a simple scaling form

when rescaled by their average clone size, (t) >, such thab,, (t) = - 1(t)> f (<nné’t)>), and
b b

that this scaling form was consistent with a simple exponential size deperfier)ce, exp(—n).

Such an exponential scaling is expected to arise in the case of stochastic fate choidaglike. a
death process) made by a single progenitor population. For instance, in the presence of a hierarchy
of SCs and CPs both contributing significantly to the dynamics, clonal distributions should adopt
more complex shapes which wouldn’t show such scaling, as is observed upon oncogenic activation

in mouse tail epidermis (Sanchez-Danes et al., 2016). We thus dgrmoigl; respectively as the
division rate of the progenitor population in scale and interscale. Upon each division, a progenitor

P can give rise to three possible fate outcomes:

e P — P+ P with probabilityr + A/2
e P — P+ D, with probability 1-2r

e P — D, + D, with probabilityr —A/2
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wherer denotes the rate of symmetric over asymmetrical outcomea4, tlieddegree of imbalance
between renewal and differentiation, which can be non-zero in a non-homeostatic condition. For
reasons that will become clear, in the following sections, we take into account a differentiated basal
intermediaryD,,, which does not divide further and is committed to differentiation, with suprabasal
stratificationD,, — D, taking place at ratB,. Suprabasal cells do not divide and are shed at a rate
I,. Importantly, in the case &f = 0, the theory predicts that, although the total labelled cell
fraction should stay constant, the surviving clone size should increase linearly due to neutral drift
(with a slope proportional tol), being compensated by a converse decrease in clonal persistence.
The parameter thus becomes crucial for the resulting dynamics. In contrast, in the presence of
any amount of imbalancg, the persistence rapidly plateaus (Harris, 2002) while the clone size
increases exponentially ag(t) « exp(AAt). Thus, the parameterquickly becomes irrelevant to

the resulting dynamics, and cannot be meaningfully constrained rosnadel fits. Indeed, as
detailed belowA is large enough here to erase from the earliest time points the influenom of
clonal dynamics. We therefore concentrated on the imbalamcthis manuscript. We further note

that, as in a developmental setting, all of the aforementioned parameters can be in principle time-

dependent, drastically increasing the size of the parameter-space.

Theoretical basis for interpreting proliferation kinetics experiments.

Because of the breadth of parameter space, we thus sought to constrain some parameters;
in particular, the rates of division and differentiation over time. We thus turned to double-pulse
EdU/BrdU experiments at all time points studied in the lineage tracing experiments, to both
measure experimentally the rate of cell division in scale and interscale (by monitoring how quickly
a cell that incorporated EdU will incorporate BrdU again), as well as the rate of basal to suprabasal

transfer (by monitoring how quickly a cell that incorporated EdU will move to the suprabasal
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layers). The theoretical model used to fit the data was the same as that described in the section
above, with three cell types considered (basal progenitor, basal differentiated and suprabasal
differentiated). However, a small addition had to be made to the model, as we consistently observed
that the processes of division and differentiation were not Poissonian: Instead, we found a
refractory period after division, where a cell could neither divide again nor differentiate. This is
consistent with findings from live-imaging studies of mouse epidermal homeostasis (Rompolas et
al., 2016). We thus amended the model by considering that, for each process of division and
differentiation, there was a latency period (respectivgly and t4;¢), followed by conventional
stochastic (Poissonian) events. Such a two-phase model provided very good fits at all time points
for both the fraction of double-labelled cells (Figure 3N) and the ratio of EdU suprabasal to BCs
(Figure S2J) over time. We note, however, that such short-time correlations induced by refractory
periods become quickly erased from the clonal data and, thus, for the lineage tracing experiments
we used as inputs compound Poissonian rates defined by adding the two time scales (refractory
and stochastic phases). These are shown as effective division rates in Figure 30. Interestingly, we
noted that the time scales of divisérand suprabasal stratificatidlh were very similar in both
compartments and across all time points. This is consistent with the basal layer being composed of
a mixture of dividing progenitors and cells awaiting suprabasal stratification (in a roughly 1:1
ratio), matching with older observations (Potten, 1975). This is thus consistent with an extrinsic
regulation of cell fate via near-neighbor couplings, as reported in homeostasis (Rompolas et al.,
2016). The analysis also revealed consistently higher division and differentiation rates in scale

throughout development, consistent with the increased clone size we observed in this region.

Fitting procedure and model validation
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Once the division rate has been fixed by our proliferation kinetics experiments, we
performed stochastic simulations of the model described in the subsection “Theoretical basis for
interpreting lineage-tracing experiments”. The initial condition for the numerical simulation is
n,(0) = 1 andn,(0) = 0, mirroring the P1 clonal induction of single BCs. We perform at least
10,000 simulations for both scale and interscale, and calculate persistence, surviving clone sizes,
and clone size distributions at all time points from these simulations (until P30, as growth
drastically slows down after this time point). The only fitting parameterd anedr. We then
performed a least-squares fitting procedure on the evolution of the mean basal clone size up to P30,
to obtain optimal values df andr in scale and interscale, as well as bootstrapping to build 95%
confidence intervals on these parameters, following the same procedure as detailed in (Mascre et
al., 2012 Sanchez-Danes et al., 201Bpwever, as mentioned abowegannot be reliably fitted,
given its low level of impact on the clonal dynamics. Indeed, trying to fit ba@thdr parameters

from the basal clone size evolution yielded extremely large confidence intarvaIEO%fggf‘o’ and

r =33%7572 in scale, andA = 24%7 32 andr = 21%*25% in interscale. Moreover, persistence
could not be used either to meaningfully constrain the value given its low effect on the
dynamics, and the error bar involved in the measurements. As the valués lwfth scale and
interscale during development cannot be distinguished within these confidence intervals from its

homeostatic values, we used these homeostatic values 6f2 in the simulations.

In the following, we thus resorted to fitting procedure wharevas the only fitting
parameter. Importantly, we found that we could obtain very good fits to the mean basal clone size
distribution with a single value of the fate imbalance (Figure 4A and 4D). As expected, the model
reproduced well the exponential clone size distributions observed in the data at all time points

(Figure 4B and 4E). We also found that the model could accurately predict the time evolution of
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the clonal persistence in both scale and interscale, characterized by an initial drop in persistence
during the first week, followed by a near-plateauing behavior (Figure 4C and 4F). To probe further
whether fate imbalanca could truly be considered as constant throughout development, we
performed the same simulations and fitting procedure as before, but defining the imhadarece
piece-wise function, which could take different inferred valags(between P1 and P7},
(between P7 and P15) anki, (between P15 and P30). This enabled us to test whether the fitting
could be improved by inferring different values of imbalance tiveg, and thus test further the
hypothesis of a near-constant inferred imbalance. Importantly, this analysis confirmed that
imbalance does not show a strongly varying temporal trend (neither in scale nor interscale), as
shown on Figure 5G and H, although we cannot exclude small variations around the average

imbalance, which would give rise to small variations of suprabasa/basal ratio.

Finally, to challenge the model further, we tested whether it could predict a fully
independent set of data, performing clonal lineage tracing in the same mouse system, but inducing
at P15 (and tracing for 4 days and 2 weeks). Importantly, we found that the model, as calibrated
above (and thus in the absence of remaining free-parameters), provided a good predictien in scal
and interscale, for both the time evolution of the surviving clone sizes (Figure 4R-S) and the clonal
persistence (Figure 4T-U). This provided further support to the model, as well as to the assumption
of a single progenitor population with near-constant imbalance in fate choice. After P30, the data
on local and global tail expansion displays a transition phase towards a growth plateau, consistent
with our observations at the clonal level (Figure 4B,E). We thus assumed that the system was
abruptly transitioning towards homeostasis (Sanchez-Danes et al., 2016) after P30 (note that given
the large clone size at P30, neither the evolution of clone sizes nor clonal persistence provided very

strong constraints on the detailed dynamics), and used this as a guide for the eye (dashed lines in
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Figure 4B,C,E,F). This assumption was further supported by our P30 tracing (Figure S5), which

displayed results close to homeostasis (Sanchez-Danes et a)., 2016

Design principles of epidermal growth

As analysis of the lineage tracing data revealgarprising degree of simplicity in the rules
underlying tail epidermis expansion (nearly constant imbalance over time and across
scale/interscale regions, while the division rate decreased steadily), we sought to understand the
design principles underlying this phenomenology. To answer such a question, we resorted to a
mean-field description of growth, forgetting about the stochasticity of cell fate choices, and writing
conservation equations for the number of basal and suprabasab egltis(respectively):

{b'(t) = A[OA®)b(0)
s'(t) = A()(1 = 4()b(t) — I1b (1)

Here, we choose a loss rate for suprabasal cells proportional to basal cell number. This choice is
rooted in the fact that suprabasal cells are not lost in “bulk”, but instead are shed at the outer-most

surface of the skin (which is thus proportional to the area of the skin surface). Note that because
basal progenitors and basal differentiated cells have similar kinetics throughout development, we
do not include at first the latter to give generic qualitative insights into the dynamics (although we
will include it for quantitative matching to the results). As detailed below, as we impose the
condition that basal cell number follows the growth of the underlying tissue, this results in this

equation.

For mouse tail expansion, the epithelium is mechanically coupled to the growth of the
underlying conjunctive tissue, which likely imposes its overall growth. A simple design principle

for epidermal growth is thus, for BCs to maintain a constant density, so that their number evolution
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as a function of time is prescribekbi(t) = b, (t) a function which is imposed by the growth of
underlying tissues. However, there are two unknown in the equation above, the divisitfm)rate

and the imbalanca(t), so thath(t) = by (t) only imposes a relationship between the two.Thus,
this could be both achieved via constant imbalance and varying division rate, or vice versa. A
second design/principle must thus be enforced, and we review several possibilities below (Figure

5 A-D):

e Maintaining a constant number of progenitos=f 0) (Figure 5A). This case would
correspond to settings where the stem cell/progenitor pool is fixed and non-plastic (as
observed for instance in experiments depleting the stem cell ppobdgophila midgut (Jin
et al.,, 2017). In this case, a third species (basal differentiated cells) must be taken into
account to increase basal cell numbers, and the concentration of basal progenitors would
get depleted in time as more and more differentiated BCs populate the basal layer to keep
up with the growth of the underlying tissue. This is not what is observed in our data, and is
also inconsistent with adult homeostasis of the tail epidermis (Mascre et al.S20thez-

Danes et al., 2016).

e Minimizing the total number of basal divisions (for instance to minimize the time to build
up a population), corresponding to acatled “bang-bang” dynamics as studied for the
growth of intestinal crypts (ltzkovitz et al., 2012) (Figure 5B). In this case, the solution is
a phase of purely symmetric divisiod £ 100%) to build-up progenitor cell numbers
followed by differentiated cell production. However, this results in a depletion of the
density of suprabasal cells during the primary phase (not observiedd, see Figure 5E),

and is not consistent with our lineage tracing data set either showing that suprabasal cells
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are produced after birth (Compare the average number of basal and total cells at P4 in Figure
2E and F).

e Maintaining a constant division ratg, (Figure 5C).In this case, the imbalance must
constantly adapt to fuel basal expansion, and can be expressed simply)as
by’ (t)/A,/bo(t). One should note that this puts some constraints on growth (or division),
as the imbalance can never be larger than 1; although this can be implemented in the
realistic growth coefficients measured here. However, this scenario (which is not supported
by our cell proliferation kinetics) would then predict a changing (and typically non-
monotonous) evolution of suprabasal clones sizes (as the imbalance is too high initially to
produce enough suprabasal cells, and too large afterwards).

e Finally, a fourth possibility is that the epithelium needs to maintain a given suprabasal cell
number as welk(t) = sq(t) (which means that even in the absence of suprabasal loss, a
precise number of suprabasal cell must be produced to keep up with area expansion) (Figure
5D). We measured the time evolution of basal and suprabasal cell concentrations in both
scale and interscale, and found that this assumption was well-supported by the data. We
thus explore its consequences for the regulation of division rate and imbalance during post-

natal growth.

In the general case, this fourth constraint (prescribed evolution of basal and suprabasal)densities

leads to
A(t) = !
© = 1+Ab'/b+5s'/b
b'+s'
\A®) =T + >
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where the division rate needs to match the loss rate, in addition to a part of the growth burden.
Furthermore, in the case where the epithelium seeks to maintain an identical ratio of basal to

suprabasal cell, (t) /by (t) = K, (which is also supported by our data, see Figure 5E), the equation

simplifies to
A(t) = !
©) = 1+K+T,b'/b
b'+s'

In the limit of negligible suprabasal cell loEg the imbalancel generically becomes a time-
independent constant, for any temporal evolution of tail grawgt). This fitted well our findings,
where we found the imbalance not only to be almost constant in time, but also constant in scale

and interscale, even though both compartments grow at different rates.

To go beyond such qualitative arguments, we then incorporated the fact that tail growth is
nearly linear §(t) = 1+ at, wherea =~ 0.3d™! for interscale and ~ 0.6d~! for scale, based
on Figure 1), used the experimentally measured ratio of basal to suprabas& eells, and
included differentiated BCs in the descriptions (with the constraint of 1:1 ratios with BCs

throughout development). This yields a modified, but qualitatively similar expression:

A — 1/2
© = 1+K+T,/(1/a+t)
U(t) —> (1+ K)c; -I-I: Zzt(l + at)

where, again, in the limit of negligible suprabasal loss, one predicts a constant imbalance
andtime-varying division rate. Quantitatively, applying this simple theory with the measured

ratio predictsd = 27% in close agreement to the experimentally inferred value from lineage
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tracing @ = 24%). More quantitatively, we found that performing a joint fitting Agt) andA(t)
revealed that a loss ratelgf~ 0.04d -1 provided good fitfor the time evolution of the division
rates and imbalance. In Figure 5G-H, we show this, plotting the inferred imbalance when fitted as

piecewise function (see section “Fitting procedure and model validation ), t0 emphasize the lack

of strong temporal variation in imbalance compared to division. Strikingly, the model predicted
that the twice-faster growth of the scale region should dominantly translate into a consistently
higher division rate in scale, in qualitative and quantitative agreement with the data (Figure 30,P).
This argues that the evolution of both the division rate and the fate choices of DPs can be predicted
guantitatively via the simple design principle of uniform basal and suprabasal growtis, (gind

fact, the only scenario consistent with this principle).

To further demonstrate how large deviations from our paradigm would produce different
predictions on observable data such as the evolution of the basal density and suprabasal/basal ratio,
we also performed a sensitivity analysis (Figure S$AWe explored in particular: i) the influence
of the value of constant imbalantéwith continually adjusting division rate), showing for instance
that imbalances of 15% or 40% produce highly different predictions, poorly fitting the data (which
is due to the fact that unbalanced dynamics constitutes an exponential process, highly sensitive to
variations in growth rate, Figure S4A), ii) the predictions of bang-bang dynamics (transition f
A=100% to 0% imbalance at varying time points) together with a continually decreasing division
rate, showing a very poor fit to the data, in particular as it produces a vast excess of BCs (Figure
S4B), iii) the prediction of a “soft” bang-bang dynamics (transition from varying, partial imbalance
valuesA to 0% imbalance at P15), which again provides poor fits to the data, in particular as it
predict a drop of basal density post P15, not observed in the data (Figure S4C), and iv) a continually

adjusting/decreasing imbalance, together with a constant division rate, although we show with
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independent proliferation experiments that this is not the case in the mouse epidermis (shown in

Figure S4D for 1,2,3 and 4 divisions per week).

Extension to the mor phogenesis of the neonatal paw epidermis

Finally, we sought to test whether a similar paradigm could be found in other tissues, such as the
paw epidermis. Neonatal paw epidermis expanded 6-fold between P1 and P60, with most of the
growth occurring between P1 and P15 (4.5-fold, Fi@8®). Rescaled clone size distributions at

all time points fitted well with a single exponential (Figure S3L), as in scale and intesEtade

tail epidermis, so we fitted the clonal data to the same model of a single population undergoing
stochastic fate choices as described in the above paragraphs. Proliferation kinetics were inferred
via short pulses of Brdu and measuring the fraction of Brdu+ cells in the basal layer at P4, P7, P15,
P30 and P60 (Figure S3E,F). To convert this information into division rate, we used the live-
imaging data of Rompolas et al, 2016 in paw homeostasis to estimate the division rate of BCs at
P60, and used this calibration to proportionately estimate the division rates at the other time points
(shown in Figure S3N). Then, we estimated as before the fate choice parameters of BCs between
P1 and P15 aA = 20%, which provided good fits for the time evolution of the basal clone size
(Figure S3M) and clonal persistence (Figure S30). Based on the overall dynamics of paw growth,
we assumed that imbalance was zero around P18 (sharp transition to homeostasis), which fitted
well the subsequent P30 and P60 time points (Figure S3M), although our time resolution cannot
distinguish sharp vs. smooth transitions to homeostasis. As this provided a good fit to the data, this

argues again that neonatal growth in paw is well described by a model of near-cfatstant
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imbalance towards symmetric division, with a constantly decreasing division rate. Based on our
optimality theory, and given the measurements in paw of growth speed of a ~ 0.3d~! (very
similar to the growth speed of the interscale in tail epidermis) and suprabasal to basal ratio of K =
1.2 (slightly highly than in tail epidermis), we would predict (in the simplified case without loss)

that A = 24% which is thus again in good agreement with the experimental findings.
QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of clone sizes were performed on whole-mount tissue acquired by confocal

microscopy and counted manually using the ZEN2012 software.

To test whether scale and interscale clone size distributions were significantly different, we
compared the basal clone sizes of each of them, using the Mann-Whitney non-parametric test (as
distributions were exponential and didn’t pass a normality test). We found significant differences
at all time points (P7: P=0.007, P15: P<0.0001, P30: P<0.0001, P60: P<0.0001), with interscale
clones being consistently smaller. This could not be explained by a conversely higher suprabasal
clone size in interscale, as scale suprabasal clones were also consistently and significantly larger,
again assessed via a Mann-Whitney test (P7: P=0.028, P15: P<0.0001, P30: P<0.0001, P60:

P<0.0001).

DATA AND SOFTWARE AVAILABILITY
The single-cell RNA sequencing data discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession

number GSE146122 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146122).
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5 DISCUSSION

5.1 DEFINING STEM CELL DYNAMICS AND MIGRATION DURING WOUND
HEALING IN MOUSE SKIN EPIDERMIS

5.1.1 Compartmentalization during wound healing

Wound healing is a complex mechanism through which different cell
populations need to spatially and temporally orchestrate rapid tissue repair to avoid
infection and reform the barrier. Using punch biopsy we performed full thickness
wound on the mouse tail and analysed whole-mount epidermis 0, 2 ,4, 7, 10 and 14
days after wound after a short pulse of BrdU (Figure 1, page 36). Our data show that
BrdU incorporation did not change the first hours after wound (day 0), but start to
increase 2 days post wound, being multiplied by 5 fold until 7 days post wound.
Proliferation occurs in a ring of around 1mm large, the proliferative hub, at a
distance of 0,5 mm from the wound edge, delimitating a quiescent leading edge (LE)
around the wound. These transient compartments are maintained until around 10
days post-wound (Figure 1, page 36). The epidermal wound was totally closed after
14 days. Although the existence of a quiescent LE was already described in human
and mammals based on skin sections in the 1970s, our short term BrdU pulse
experiments observed on 3D whole-mount tail epidermis at different time point
after wound healing enable to confirm and better appreciate the dynamics and the
spatial compartments occurring within the epidermis'**'**. Using phalloidin staining
to label the actin cytoskeleton of the cells and confocal images, we show that the
first rows of LE basal cells were elongated toward the wound 1 day after the damage,
suggesting that they actively migrate. By contrast, 2 days after wound basal cells
were oriented perpendicularly to the wound direction, suggesting that they were
compressed. This orientation was still obvious 4 days after wound, but disappeared
at 7, 10 and 14 days post wound. Strikingly, we also observed that the cell density
was increased in the proliferative hub, 4 days post wound, reflecting the massive
increase of proliferation already observed at this stage. Treating mice with 5-FU to
block cell proliferation prevented proper wound closure and also partially rescued

the cell elongation toward the wound. These data suggest that the massive
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proliferation induce the compression of the LE cells around 2 and 4 days post-
wound. Interestingly, the same compartments (proliferative hub and LE), were also
recently observed by in vivo live imaging on mouse ear using 1mm punch biopsy'*.
Following cells over 12h, 3 days after wound, Park and colleagues showed that the
fastest cells to migrate are the cells located within a distance of 0,5 mm around the
wound and that cell proliferation is the highest at a distance of 0,5 to 1,5mm away
from the wound'‘. Altogether, these data obtained in different tissues (tail versus
ear) with different size of wound (3mm versus 1mm) support the idea that this
compartmentalization is a general mechanism for epidermis healing independent of
the wound size'*. Moreover, our microarray analysis performed specifically on the
LE and proliferative hub cells show that they are molecularly different (see below).
We show that specific markers of the LE are expressed in the leading cells all along
the healing process and disappear when the two sides of the wound reach each other
and close the wound. Further experiments would be necessary to understand how
these compartments are initiated and resolved and what is the molecular

mechanisms for their spatial confinements.

5.1.2 Wound healing signature

Knowing the reproducibility and the precise localization of the two
compartments around the wound we aimed to decipher their molecular signature
and micro dissected the two regions using 4 mm punch biopsy (to target the LE) and
6 mm punch biopsy (to target the proliferative hub) and compare them with cells
located far from the wound, 4 and 7 days after the wound. We performed bulk
microarray and identified genes upregulated in the two regions. This generic wound
signature included genes coding for cell cytoskeleton proteins such as Krt6b or the
actin-bundling protein Fascinl (Fscnl), important for cell rigidity and cell
migration'*”"*®, the desmosome protein Desmocollin 2 (Dsc2) to resist against tissue
shearing, and membrane permeability proteins (Sprrlb, Sprr2h) (Supplementary
figure 2a, page 37). Genes implicated in cell signaling such as the gene coding for
the epidermal growth factor Amphiregulin (Areg) important for keratinocyte
proliferation™*'* or the transmembrane glycoprotein Embigin (Emb) which may play
a role in cell adhesion were also upregulated in both regions''. We also observed

upregulation of genes implicated in inflammatory signals such as the gene coding
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for the interleukin 24 (I1124) which have been shown to promote wound healing in a
diabetic mouse model after topical application'* or the S100 calcium binding protein
A8 and 9 (§100a8, S100a9) which can act as cytokines and were shown to stimulate
keratinocyte proliferation and migration in vitro'*. Finally, the wound signature
encompasses genes regulating cell cycle proteins such as the cell division cycle
associated 2 and 8 (Cdca2, Cdca8) or the cyclin A2 and Bl (CcnaZ2, Ccnbl)

upregulated in both compartments.

Our first microarray analysis identified Itga5 as marker for LE cells (Figure 3b,
page 38 and supplementary figure 2e, page 49). This marker was already described
at the LE of human epithelial wound'"*'* and in migrating cells during eyelid
closure', We used Itga5 as a marker to isolate pure population of LE cells by FACS
and performed, on this pure population, a second microarray analysis highlighting
for the first time a spatial molecular signature of the LE and proliferative cells during
wound healing (Figure 3 d-j, page 38). This LE signature showed the upregulation of
Ephrin-B1 (Efnbl) and its receptor (Ephb2), which have been recently shown to
promote wound healing'”. It also encompasses several matrix metalloproteinases
(MMPs) (Mmpl1b, Mmp9, Mmpl3), important for the breakdown of ECM and cell
migration during healing (Figure 3d, page 38)"*"*%, Consistent with this finding, the
inhibitor of MMPs, Timp3, was highly down regulated in the LE cells (Supplementary
figure 2f, page 37). LE cells upregulate genes with important role in inflammation
such as chemokines (Cxcl2, Cxcl3), described as pro-angiogenic chemoattractant, and
chemokine receptors such as Cxcr4, implicated in neutrophils recruitment and neo-
vascularization'*"*. Interestingly, the local expression of Cxcr4 on keratinocytes is
consistent with the local expression of its ligand by dermal cells, Cxcl12/Sdf-1, as
observed at the wound margins of human skin after incision wound'®. LE cells also
up-regulate complement receptor genes (C5arl) as well as Plasminogen Activator
urokinase and its receptor implicated in the degradation of fibrin clot (Plau, Plaur)"*.
The Protein C Receptor (Procr), was also highly upregulated in the LE (Figure 3e, page
38). Interestingly, topical application of its ligand, the Activated Protein C (APC), has
been shown to promote anti-coagulation and angiogenesis'*”'**. Procr was also
upregulated in the proliferative hub and may also have a role in the mitotic activity

of the cells in this compartment as APC application has been shown to induce
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keratinocytes proliferation'*®. All these genes support the important role of LE cells
in the degradation of the fibrin clot, the recruitment of neutrophils and
macrophages to remove cellular debris, the blocking of coagulation and the
attraction of neo-vessels in the wound site, four key steps important to ensure the
progression of the wound repair from the inflammation to the proliferative phase.
LE cells also specifically upregulate genes coding for integrins (Iltga5s, Itga6),
protocadherins (Pcdh7, Pcdhbl9, Pcdhgal), desmosomes (Cdsn) and Gap junction
proteins (Gjb6/Cx30, Gjb2/Cx26), all essential for cell adhesion and cell-cell
communication. We also noticed an upregulation of GjbZ2 in the proliferative hub
(figure 3f, page 38). Gjb2 expression is known to be higher in psoriatic epidermis or
in hyper-proliferative epidermis after tape-stripping in human”*'® and
overexpression of Gjb2 in mouse lead to a thicker and higher proliferating
epidermis, suggesting a role of Gjb2 in the establishment of the proliferative
hub'®'%! " Interestingly, we identified a fibronectin leucine rich transmembrane
protein (FIrt2) which was not previously described in wound healing but has been
known to be important for neuronal guidance'®’. Extracellular matrix ligands found
in the basement membrane such as laminin-332 genes (Lama3, Lamb3, LamcZ2) or
fibronectin (Fnl) are also more specifically upregulated by the LE keratinocytes,
showing that this transient structure controls the re-establishment of the BM (Figure
3f and h, page 38). Several cytoskeleton proteins such as Myosin (Myh9,
Myolb,Myo5b), Tropomyosin (Tpml, Tpm?2) and Tubulin (Tubb2a, Tubb2b, Tubb3,
Tubbb), as well as actin regulators (Caldl, Fscnl, Fmnl2, NavZ2), which are critical for
cell movement, are also upregulated in the LE cells and support the migrating
behavior of this LE (Figure 3i, page 38). Specific TFs not previously described in
wound healing but associated with migration and invasion in cancer in other tissues
(EIk3, Hmga?2)'*'®> or repressor of proliferation (E2f7)'*'” were also part of this LE
signature (Figure 3g, page 38). These TFs may therefore be important for the
migrating and quiescent behavior of the LE cells. Finally, several ligands of different
cell signaling pathways associated with migration or wound healing were highly
induced in the LE (Figure 3j, page 38). Among them, Inhibin-fa codes for a subunit
of Activin A, a ligand from the TGF-b family, and which overexpression increases
wound healing in mice'®'”", Its upregulation in the leading edge also confirmed

previous in-situ hybridization on mice samples'”. Epiregulin (Ereg), a ligand for
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Epithelial Growth Factor Receptor (EGFR) and ErbB tyrosine kinase receptors, which
was associated with enhanced wound healing, was also specifically upregulated in
the LE cells (Figure 3j, page 38)'”. Other genes coding for secreted proteins (such as
Fgf18, Tgfa, Wnt5a) upregulated in the LE cells were associated with proliferation,
migration or invasion in other tissues and in cancer'”?'”. These secreted ligands
specifically upregulated in the LE cells support the importance of this structure to
create a gradient of growth factors around the wound and attract other cells into
the wound. Interestingly, Gprc5a, an orphan G protein coupled receptor, was not
previously described in wound healing but is a tumor-suppressor gene in lung tissue
acting on EGFR and STAT3 signaling (Figure 3j, page 38)'*'* In addition, more
recently, experiments using Gprc5a KO cancer cell lines show a decrease in cell
adhesion on collagen I substrates and reduced activation of Racl and RhoA GTPase
which suggest a role of Gprc5a in cell matrix adhesion''. Altogether, this LE
signature support the idea that, more than being a quiescent and migrating edge,
this transient structure is key to degrade the provisional matrix, regenerate a new
BM, attract inflammatory cells to remove cell debris and endothelial cells to form
neo-vessels in close proximity to the wound. We propose that this structure act as a
scaffold to protect proliferative cells behind from the wound and help to progress

into the repair.

In order to understand if the proliferation could be decoupled from the LE
signature, mice were treated with 5-FU topically (Figure 5a, page 41). 5-FU treatment
decreased the proliferation within the epidermis, but did not change the expression
of the leading edge markers, suggesting that these markers were induced
independently of cell division (Figure 5b-c, page 41). As inflammation is well known
to play a role in wound healing''%''®!%2 we tested whether blocking inflammation
could have an impact on the formation of the LE and proliferative hub. Interestingly,
wounded mice treated with dexamethasone, an anti-inflammatory drug of the GC
family, partially re-established proliferation in the LE cells but did not impair the
expression of the LE markers (Figure 5 d-g, page 41). These data suggest that an
inhibitor of proliferation, which can be blocked by GC treatment, act locally on LE
cells. This inhibitor could be expressed by keratinocytes or secreted by inflammatory

cells recruited upon wound. Altogether, these experiments show that the quiescent
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status of the LE cells can be functionally and molecularly uncoupled from the

expression of the specific markers.

5.1.3 Proliferation and migration during wound healing

Our close observation of the migrating LE edge cells, revealed by phalloidin
staining, showed that the first rows of cells were elongated toward the wound, 1 day
after wound. By contrast, at day 2 post-wound, LE cells drastically change their axis
of elongation and become elongated perpendicular to the wound edge, both in basal
and suprabasal layers, suggesting that they are compressed (Figure 2a, page 37).
Strikingly, this observation was concomitant with the increase in proliferation
observed in the proliferative hub. These observations raised the question whether
the proliferation could be a major driver for cell migration. In order to decipher the
importance of proliferation versus migration in the repair process, we aimed to
block specifically proliferation using pharmacological treatment. The strong delay
in wound healing following 5FU treatment suggest that proliferation is indispensable
for proper healing (Figure 2e, page 37). Interestingly, blocking proliferation also
partially restore the elongation of LE cells toward the wound (Figure 2f, page 37).
These data show that the burst of proliferation may lead to the compression of the
LE cells and suggest that proliferation is important for wound closure not only to
produce new cells for the repair but may also push migrating LE edge cells toward
the center of the wound, at least in the tail epidermis. Similar conclusions can be
drawn from Park and colleagues’ data on ear epidermis regarding the importance of
proliferation in repair. Indeed, although blocking proliferation with Mitomycin C, a
DNA cross linker, does not prevent cell migration in mouse ear epithelium it does
have an impact on wound repair as cells acquire compensatory features and become
bigger (as shown by a reduced cell density in the LE zone)'*. Interestingly, depleting
proliferation also extend the zone of migration further around the wound suggesting
that if cells are not replaced through proliferation, the new cells are recruited further
away**‘. Altogether, these data show that proliferation and migration are
independent phenomenon but strongly support the importance of cell proliferation
in proper wound repair to replenish the pool of cells that migrate and also suggest
that the proliferation hub serve as boundaries to constrain cell migration within the

wound zone.
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Importantly, while GC administration are known to block inflammation and
delay wound healing''®, our dexamethasone treatments experiments showed that it
lead to a partial restoration of proliferation in the LE. GC may act directly on
keratinocytes. Overexpression of the GC receptor on K5+ basal keratinocytes
induces a similar delay in wound closure and a similar decrease in pro-inflammatory
cytokines than dexamethasone treatment, suggesting that part of the delay observed
in wound healing under GC treatment may be due to a direct action of GC on
keratinocytes'. K5+ cells overexpressing the GC receptor show a strong decrease in
BrdU incorporation in vivo suggesting that GC treatment decreases keratinocyte
proliferation'®®. Consistent with this, we see a decrease in proliferation of
keratinocytes located within the proliferative hub (Figure 5e, page 41). However, our
data also show that LE cells reacquire a proliferative status under GC treatment.
These results suggest that GC partially block keratinocytes proliferation directly but
also re-activate proliferation, likely indirectly, by preventing a quiescent signal to
reach keratinocytes at the LE. It is possible that this quiescent state of the LE edge
cells is dictated by some factors secreted by immune cells recruited inside the
wound clot. In line with this hypothesis, previous studies using 3D-organotypic
culture of human keratinocytes and fibroblasts did not observe the quiescent LE in
vitro'*. The first immune cells activated at the wound site may potentially be the
DETCs that reside within the epidermis'®. After activation by damaged
keratinocytes, DETCs partially loose their dendritic shape around the wound edge'®.
However it is unclear whether the zone of DETC activation corresponds to the LE or
to the proliferative hub. Activated DETCs are known to stimulate keratinocyte
proliferation and express specific chemokines and cytokines to attract
macrophages'®. Mice lacking DETCs display a delay in wound closure and a decrease
in keratinocyte proliferation'®. It is likely that these cells are responsible for the
increased proliferation observed within the proliferative hub and their pro-
proliferative signal may be counteract, at the LE, by other recruited immune cells
present within the wound clot. The immune cells recruited at the wound site are
neutrophils and macrophages''®. Conditional depletion of macrophage before wound
delays healing in the early phases but do not drastically impact the timing of wound
closure'®”'¥, However, the impact of their depletion was not assessed in the LE

specifically. Finally, y& T cells present within the dermis are also important for
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wound healing but they were shown to only be recruited after 10 days post-wound
and therefore unlikely play a role in the LE quiescence'®. Further experiments would
be necessary to understand the origin and the nature of the signals that regulate the
quiescence in the LE cells and understand its role in wound healing (See

Perspectives).

While our study was performed on fixed samples, lineage tracing performed
at clonal density showed that cell progeny within a clone were oriented toward the
wound in both basal and suprabasal layers and therefore enable to, somehow,
capture cell movement. These data suggest that migration but also oriented cell
division takes place in order to send cell progeny toward the center of the wound
(Figure 6j-1, page 42). These oriented division in the basal layer of the epidermis were
also observed in live imaging'*. Interestingly, oriented cell division seem to strongly
rely on the Rho GTPase, Racl, as cell division orientation is randomized in Racl”
mice"®, These data support the important role of cytoskeleton machinery to sense
the microenvironment'®. Finally, our study performed during post-natal
development showed that cell division orientation is dictated by the orientation of
collagen fibers. It would therefore be interesting to analyze whether collagen fibers

or other ECM components also orient cell division in wound healing.

Finally, our lineage tracing showed that both suprabasal and basal cells
migrate toward the wound at different velocity and suggest that differentiation and
upward movement of differentiated cells is still ongoing during wound repair.
Moreover the Inv-CreER tracing initiated before wound suggest that there is no
reversion of suprabasal cells during wound repair. This is supported by live imaging
data in mouse ear epithelium showing an exclusive upward movement of cells ™.
However recent lineage tracing experiments suggest that a small populations of
Gata6+ cells, normally restricted within the sebaceous duct, can migrate out of the
SG and refuel the suprabasal compartment of IFE upon wound healing. More
surprisingly, while most of the labelled cells are suprabasal in the early days after
wound, a fraction of the Gata6 progeny can be found within the basal compartment
at later stage (12 days after wound), suggesting that reversion from suprabasal to
basal fate is possible ''. However, the presence of a small fraction of Gata6+ basal

cells at every time points precludes any strong conclusion. More experiments are
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necessary to understand whether this reversion really occurs and the importance of

this phenomenon in wound repair (See Perspectives).

5.1.4 Clonal dynamics during wound healing

During homeostasis, IFE SC and CP divide asymmetrically and balance their
self-renewal and differentiation at the population level to maintain the number of
cell constant and produce sufficient amount of cells to replenish the loss of the
others. This equilibrium is maintained through a stable cell division rate in both
populations, with CPs dividing more frequently and ensuring the majority of the
maintenance, and SCs dividing less frequently to replenish the CP compartment'®*'%,
Interestingly, recent studies performed on human primary keratinocytes show that
these cell fate decisions probabilities can also be observed in vitro and that upon
scratch wound assay, CP increase their self-renewal and switch to an “expanding”
mode of division, switching from 38+3% of symmetrical renewal to 88+2% ''°. Our
major aim was to understand whether this switch also occur in vivo upon wound
healing. It is important to note that, regarding the burst of proliferation observed at
4 days post wound, if the clones had switched to an “expanding” mode of division,
they would remain in the tissue and the basal content of each clone would increase
dramatically and exponentially. Surprisingly, several observations coming from our
clonal analysis show that progenitors do not increase their self-renewal division
upon wound healing. First, the proportion of KI14-CreER/Rosa-Confetti attached
clones dropped dramatically from day O to day 4 post wound, consistent with a
scenario where, at each round of cell division, basal cells achieve 21+11% of
symmetric differentiation (similar to the homeostatic model) leading to the loss of
the clone, but here in an accelerated way due to the burst of proliferation (Figure 6h,
page 42) ', Second, our clonal analysis performed on remaining clones 4 and 7 days
after wound do not show a dramatic increase in the basal cell content, despite the
burst of proliferation. Instead, we observed an increase in the production of
suprabasal cells, also reflected by the increased thickness of the epidermis observed
at 7 days post-wound (Figure 8b and 6i, pages 44 and 42). Third, over the time
course, K14 remaining clones increase their average basal cell content in a linear
manner (Figure 8c, page 44). These three elements strongly support the idea that the

homeostatic mode is maintained in the first days following wound, and that CP are
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unable to switch toward more symmetrical self-renewal in vivo. Interestingly, our
mathematical modelling suggest that the growth of the remaining clones can not be
explained by the activation of CPs only, as it would necessitate a cell cycle time of
around 6h, which is unreasonably fast. Instead, the linear increase of basal content
after 4 days post wound can be explained by the reactivation a more slow cycling
population, the SCs, dividing asymmetrically to replenish the CPs (Supplementary
Theory). The existence of a SC population proliferating and remaining in the basal
layer and a CP population balancing symmetrical renewal and symmetrical
differentiation to produce differentiated cells is highly consistent with the increased
thickness of the IFE and the fragmentation of the streaks. Similarily, the Lrigl-
CreER/Rosa-Confetti tracing showed that, once in the IFE, progenitors coming from
the infundibulum also increase their basal content in a linear manner and produce
a majority of suprabasal cells. Again, this is consistent with the idea that they follow
a homeostatic mode of division, with a majority of division giving rise to one basal
and one suprabasal cell (Figure 8c, page 44). Strikingly however, the Lrigl clones are
growing faster than K14 clones. Our mathematical modeling suggest that this can
be explained by the same model as proposed for K14 (keeping the balance between
self-renewal and differentiation), but with a first division being a symmetrical self-
renewal decision in the SC population. Altogether, our data suggest that in vivo IFE
SCs and CPs are unable to switch to an “expanding” mode of division, such as the
one described in vitro ''°, and instead increase their proliferation while keeping their

homeostatic cell fate decision to repair tissue.

It is interesting to note that few attempts were made in the past to understand
the relative contribution of each population in tissue repair. Using mathematical
modelling, we estimate that 2054+254 clonal stripes would be necessary to cover
the entire wound. However, we estimate that K14 SC only contribute to 343+120
stripes, meaning that they only represent around 15% of the total area
(Supplementary Theory). The recruitment of HF cells during wound healing are
probably the source of the other cells required to close the wound. As described by
others using lineage tracing experiments, SC arising from bulge (Lgr5+), isthmus
(Lgr6+) or upper isthmus (Lrigl+) rapidly migrate out of the HF to the center of the

wound upon wound healing'®.
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If SC/CP are unable to switch to an “expanding” mode in vivo, it is tempting
to speculate that some external signals constrain them in their decision. It has been
shown that human keratinocytes are more prone to differentiate when cultured on
small ECM-rich island compared to large island'**. Importantly, this process is highly
dependent on the shape of the island rather than its surface or the type of ECM and
is called shape-induced differentiation'*>. This mechanism has been linked to actin
cytoskeleton and FA. Keratinocytes cultured on large island display high number of
FA and F-actin stress fibers while they show few and small FA as well as F-actin
arranged in dense shell around the cell cortex when cultured on small island'*.
Connelly and colleagues propose that spread cells are less prone to differentiate
than compacted cells. Mechanistically, cell spreading increases actin
depolymerisation, which increases the amount of G-actin and prevent Serum
Response Factor (SRF) TF to bind its cofactor MAL. This prevent JunB expression and
blocks keratinocyte differentiation. By contrast, in small island, the cell is more
compact, actin filaments are numerous, G-actin is less abundant and SRF-MAL can
activate JunB expression and trigger differentiation'>. Consistent with this,
activation of ROCK2, a kinase which also triggers actin polymerization, increases
keratinocyte differentiation, in vitro '**. All these data suggest that the change in cell
shape plays a key role in keratinocytes differentiation. Interestingly, ROCK2 also
seems to have a role in cell fate decision. In vitro, cells in “expanding” mode of
division switch to “balanced” mode at the center of a colony, where cells are
confluent. ROCK?2 inhibition does not have any impact on “balanced” mode of
division but prevents “expanding” colonies to switch to “balanced” mode, suggesting
an important role for ROCK?2 and the actin cytoskeleton to “sense” cell confluence
in this process''’. These data suggest that the confluence may change the shape of
cells in the center of a colony and be responsible for the switch from the “expanding”
to the “balanced” mode of division'’. In vivo, epidermal cells migrate altogether as
a uniform sheet, and may maintain a certain level of confluence all along the process.
This may possibly explain why cells do not switch to an “expanding” mode of
division upon wound healing, in vivo. The only cells that could be out of this
constraint, and therefore could potentially switch to an “expanding” mode, would

be the LE cells, but these cells are quiescent. More experiments must be performed
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to better understand the role of the confluence on cell fate decision in vivo (See

Perspectives).

Many lineage tracing experiments have shown the plasticity of epidermal cells
during wound healing''9!#12319419% However, none of these studies interrogates the
cellular dynamics underlying this process. Our clonal analysis and mathematical
modelling suggest that Lrigl upper isthmus cells achieve initially one self-renewing
division, but rapidly acquire the same fate decision dynamics as observed for the IFE
cells : they balance symmetric self-renewal and differentiation. These data suggest
that, as soon as they arrive in the IFE, Lrigl derived progeny are under the same
constraint that the one operated on IFE cells and therefore suggest a role for the
microenvironment in the regulation of cell fate decision. Today, the progress made
in transcriptional sequencing and epigenetic modifications analysis on low amount
of cells enable to study with more accuracy the molecular differences between bulge,
upper isthmus and IFE SC populations. The progressive acquisition of IFE gene
signature and the loss of upper hair follicle or bulge signature has been recently
characterized in Lgr6 and Lgr5 progeny respectively at the single cell level using
RNA sequencing'. Interestingly, they show that while Lgr5 bulge cells take 3 days
to move out of the HF and reach the wound, their molecular identity is already
changing as soon as 1 day after wound, as highlighted by the increased expression
of receptor for wound ECM ligands' . By contrast, Lgr6 upper HF cells already
expressed receptors for wound ECM ligands, providing a possible explanation for
the rapid mobilization of these cells into the IFE upond wound. The upregulation of
these receptors for ECM-ligands again support the importance of the
microenvironment in this plasticity. However, only few cells where identified as
“wound cells” (106 cells) in this study'®. Using the same analysis background,
coupled with lineage tracing and single cell RNA-seq from the 10X Genomics
technology*’, it could be interesting to interrogate the molecular changes taking
place in the Lrigl population and see which receptors for ECM ligands they express

before and after wound.

In another study, using the Assay for Transposase Accessible Chromatin with
high-throughpout sequencing (ATAC-seq), Ge and colleagues looked for the

epigenetic modifications within Kkeratinocytes taking place during wound.
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Combining these data with transcriptional profiling and Chromatin
ImmunoPrecipitation followed by sequencing (Chip-seq), they showed that IFE SC
have similar and different regions of accessible chromatin (ATAC peaks) compared
to HF SCs during homeostasis. Among the peaks unique for IFE SC, they show motifs
for TF such as KIf5, Gata, Grhl or AP2'". By contrast, Sox9 or Tcf motifs were only
present in HF SCs. These data were further confirmed with immunostaining using
Sox9 and KIf5 antibodies showing the exclusive expression of KIf5 in IFE and Sox9
in HF SC. By contrast, 3 days after wound, Sox9+ cells start to express KIf5, even if
they are still residing within the HF, suggesting they acquire an IFE identity before
migration, a process called lineage infidelity'””. Ablation of Sox9 or KIf5 with
CRISPR/Cas9 prevented the recruitment of HF SC to repair epidermis after its
removal on neonatal P3 mice. Importantly, upregulation of KIf5 decreases Sox9
expression, a key step to resolve lineage infidelity after repair. Interestingly, this
resolution do not occur in cancer due to chromatin regions (epicenters) that are
maintained open, and keratinocytes remain in a lineage infidelity that never
resolve'”’. These results support the importance of KIf5 and Sox9 in lineage plasticity
of bulge SCs and pave the way toward a better understanding of the molecular
mechanisms underlying this phenomenon during wound healing. Further
experiments would be needed to understand which TF control lineage infidelity in

the other SCs populations, such as Lrigl SCs (See Perspectives).

Clonal analysis using a genetically induced fluorescent reporter is not possible
to perform in human. However, somatic mutations can be used as a genetic tracer
within human samples. Using deep-sequencing on biological samples and bio-
informatic algorithm, it is possible to evaluate clonal evolution within human
tissue'®', Recently, a study reported how a patient suffering from Junctional
Epidermolysis Bullosa (JEB), a severe a lethal genetic skin disease, has been cured by
autologous grafting of genetically engineered skin*®. A retrovirus was used to re-
introduce the missing full length LAMB3-cDNA into autologous keratinocytes
isolated from a 4 cm? biopsy from an healthy part of the patient’s skin. The
genetically corrected keratinocytes were expanded in vitro as transgenic epidermal
sheets able to cover 0.85 m? in surface. Around 80% of the patient’s skin was

replaced by the transgenic skin. Ten punch biopsies were taken randomly 4, 8 and
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21 months after grafting. The newly formed skin was mainly composed of transgenic
keratinocytes which successfully re-express Lamb3, as shown by immunostaining?®.
Sequencing of the integration site of the retrovirus was used to trace the different
clones that constitute the new skin. Pre-graft and post-graft samples shared some
similar integration sites. Sequencing of integration site were also performed on
holoclones (clones with high colony forming potential), paraclones and meroclones
(clones with limited colony forming potential) derived form pre-graft and post-graft
cultures. Strikingly, while 91% of paraclones and meroclones display different
integration sites compared to holoclones in pre-graft culture, this percentage has
decreased to 37% in 4 month post-graft derived culture and to nearly 0% in 8 month
post-graft derived culture in which all paraclones and meroclones display similar
integration site as holoclones. These results support the idea that holoclones
contains SCs which gave rise to the para- and merclones in the newly regenerated
epidermis®®. It therefore suggest that the SC-CP model developed in mouse
epidermis can be applied to human skin. Importantly, this study show that future
improvement may be achieved in clinics concerning the use of cell therapy to cure

chronic wounds.

5.2 DEFINING THE DESIGN PRINCIPLES OF SKIN EPIDERMIS POSTNATAL
GROWTH

5.2.1 Clonal dynamics during postnatal development

The purpose of this study was to define the cellular mechanism underlying
epidermis post-natal growth. In theory, the expansion of a stratified epithelium
could occur in many different ways, playing on the cell fate decision, the
proliferation rate or both. A first possible model would be that cells achieve a
majority of asymmetrical cell fate decisions and perfectly balance self-renewal and
differentiation (homeostatic model) but reduce the shedding at the skin surface
(Figure 5A, p104). In this case, the tissue would increase through an accumulation
of non-dividing differentiated cells in the basal layer which would dilute the number

of DPs (Figure 5A, page 104). In our case, the proliferation experiments performed
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with the K5-Tet-OFF system and the Edu/Brdu pulses show that all basal cells divide
overtime meaning that no differentiated cells accumulate in the basal layer (Figure
3 and Figure S2, pages 100 and 112). A second scenario is called the “bang-bang”
control and proposed to be optimal for fast intestinal crypt expansion®”. This model
implies that DPs would undergo 100% of self-renewal to increase the pool of DP
during a certain time, and then achieve 100% of asymmetrical divisions to ensure
the production of suprabasal cells. This would lead to a short period during which
the suprabasal cells would not be produced and the density of basal cells would
increase, potentially jeopardizing skin barrier function. However, histological
characterization show that the ratio between differentiated suprabasal cells and
basal cells remains constant from P1 to P60 (Figure 5 E,F, page 104). A third possible
scenario would be that DPs would adapt their cell fate decision overtime while
keeping a constant and high proliferation rate until P30 (Figure 5C, page 104). DP
would for example have a slight imbalance for self-renewal in the beginning to
increase its pool and then switch to an imbalance for symmetric differentiation,
which would give a different ratio between suprabasal and basal cells at different
time point. But once again, this scenario is not consistent with our data. First, we
show that the ratio suprabasal to basal is constant from P1 to P60. Second, two
independent proliferation experiments (Tet-OFF system and EdU/BrdU pulses)
showed that to the DPs decrease their proliferation rate from P1 to P30 (Figure 3 and
Figure S2, pages 100 and 112). Third, when we performed a second clonal tracing
initiated at P15, the imbalance found with the tracing at P1 could accurately predict
the clone size and persistence of our second P15 tracing (Figure 4, page 102). These
data show that the imbalance calculated at P1 is maintained throughout the post-
natal growth, ruling out the possibility that DP adapt their cell fate decision.
Interestingly, all these tree theoretical scenarios would imply either a decrease in
the DPs density or a decrease in suprabasal cells density for a short period of time,
which would potentially compromise the skin barrier. Finally, we looked whether a
constant fate bias toward self-renewing division coupled with a decreasing cell
division rate over time, could predict the clonal dynamics during postnatal
development (Figure 5D, page 104). Strikingly, we found that the range of clonal fate
data obtained in both the scale and interscale regions of epidermis could be

predicted by such a constant imbalance model, with an imbalance of 24% in favor of
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symmetrical self-renewal (32% of symmetrical self-renewal versus 8% of symmetrical
differentiation). Interestingly, this imbalance is identical between the two
compartments and the larger clone size observed in the scale can be explained by
the higher proliferation rate observed in scale compared to interscale at all time
points. If the proliferation rate was constant, this imbalance toward self-renewal
would lead to an exponential growth of the tissue. By contrast, the gradual decrease
in proliferation that we observe can explain the linear increase of the tissue
measured experimentally (Figure 1,2 and S3, pages 96, 98 and 114). Importantly, as
proliferation was measured independently, the degree of fate imbalance was the
only fitting parameter in the model. This single parameter could be fitted based on
the time evolution of clone sizes alone, so that multiple independent features of our
dataset could then be predicted. These included the evolution of clonal persistence,
the conserved exponential shape of clone size distributions, both over time and
across tail interscale, tail scale and paw epidermis, and the clonal induction at other
time points. All these features were experimentally measured and could be
accurately predicted by the model, strengthening our confidence in the constant
imbalance hypothesis. In order to see whether this model could be applied to
another type of epidermis, we also performed clonal analysis in the hindpaw. Our
data show that paw epidermis also followed a linear increase from P1 to P15 and a
decreasing proliferation rate overtime. Clonal analysis in the paw epidermis also fit
with a constant imbalance model where an equipotent population of DPs have an
imbalance of 20% toward self-renewal over symmetrical differentiation (Figure S3,
page 114). Finally, the constant imbalance model ensures a constant density of DPs
and suprabasal cells along the growth, contrasting with the other scenarii. Very
interestingly, our histological charachterization fit perfectly with this prediction and
show that the ratio between suprabasal and basal cell density is indeed constant
overtime both in the tail and the paw epidermis (Figure 5 E, F, page 104). Altogether,
these data strongly support the concept where an equipotent population of DPs
sustain the post-natal growth of the epidermis through a constant imbalance for
self-renewal compensated by an attenuated proliferation rate overtime, in tail scale

and interscale as well as in paw.
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This strong imbalance observed during post-natal growth contrasts with our
observations performed in adult during wound healing but are highly similar to the
cellular dynamics ongoing during tumor initiation after the constitutive activation
of the Hedgehog (Hh) signaling pathway'®. Indeed, using a mouse model to study
skin Basal Cell Carcinoma (BCC) where the Smoothened receptor (Smo) is
constitutively active in K14+ cells, our group recently performed clonal analysis in
the mouse tail in oncogenic context. Interestingly, these data show that shortly after
the activation of the Hh pathway, SC and CPs switch their proliferation dynamics
and show a strong imbalance (17%) toward self-renewal over differentiation (34+10%
of symmetrical self-renewal versus 17+12%% of symmetrical differentiation). Very
similarly to the post-natal development, SC and CP decrease their proliferation rate
overtime so that the net effect is a linear growth of the tumor. These results suggest
that oncogenic context and postnatal development present similar fate imbalance.
In the wound, basal cells do not change the proportion of self-renewal and
differentiation division but rather increase their proliferation rate. The absence of
cell fate change and the fact that SC and CP are continuously achieving a majority
of asymmetrical cell division in damaged tissue suggest that specific signals may
constrain these decisions in healthy homeostatic and renewing tissue. Interestingly,
the paw epidermis seem to be relieved from such a constraint, at least during
homeostasis. Initial static clonal analysis showed a similar proliferation dynamics
as decribed for the tail IFE (20% of symmetrical self-renewal; 60% of asymmetrical
division ; 20% of symmetrical differentiation)*. However, mother and daughters cells
fate decision were recently tracked by live imaging and a total of 101 cell divisions
were scored in the paw epidermis in homeostasis. The data show that symmetrical
self-renewal actually occur in 34+5% of the cases, asymmetrical division in 35+5%
and symmetrical differentiation in 32+5% of the cases'”. These probabilities are
more close to random decision and therefore suggest that different signals impact
on cell fate decision in tail and paw epidermis. These signals could come from
differences in the microenvironment or from cell-intrinsic properties. More attention
should be paid on paw tissue to better understand the mechanisms regulating this
decision. Transcriptional analysis of paw epidermal basal cells at single cell level
and comparison of these data with tail IFE cells could be useful to identify the

molecular mechanisms responsible for this constraint.
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5.2.2 Transcriptional profiling of epidermal progenitors

The rescaled cumulative distribution of our clones traced from P1 to P60 in
both scale and interscale fit with a linear trend when displayed in a logarithmic scale,
a hallmark of a system where one population of equipotent progenitors are
responsible for the maintenance of each epidermis region'* (Figure 2I,], page 98).
While the presence of a single population of equipotent progenitors has also been
described in the scale adult tissue, these results strongly contrast with the SC-CP
hierarchy we recently described in the adult interscale'**'®, In fact, the cumulative
distribution of the interscale clones size analysed during homeostasis in the last
time point (24 weeks of tracing), clearly show a large proportion of bigger clones
which do not fit with the linear trend'®. These “outliners” appeared exclusively in
the K14-CreER tracing obtained in the interscale and indicate the presence of clones
that were anchored by long lived SC. Such fraction of clone is not observed in our
interscale tracing performed during post-natal development. Two hypothesis can
explain this discrepancy. One could be that SC and CP are already present and
molecularly different at birth but that SC are “hidden” in the clonal analysis because
they have a similar dynamics to the CPs and only acquire their slow cycling dynamics
later, between P30 and P60. The other hypothesis is that SC and CP status are not
fixed from the beginning in the epidermis but rather are specified later from DPs at
a transition stage between post-natal development and adult, possibly by the action
of the microenvironment. Interestingly, our single cell RNA-seq data seem to favor
the second hypothesis. Indeed, these data confirm the higher homogeneity within
basal cells during post-natal development compared to adult tissue. Unsupervised
clustering performed at 0.5 resolution show two populations of K14"# DPs in GO in
the young sample (cluster 0 and 5, Figure 6A, page 106) while tree populations of
SC/CPs were identified in adult (clusters 1, 2 and 6, Figure 6B, page 106). These
populations, observed in young and adult samples, expressed Stem/progenitors
markers already described in epidermis such as the proliferative gene coding for the
Cyclin D2 which trigger G1-S transition (Ccnd?2), the gene coding for the alpha chain
of collagen XVII (Coll7al), a key component of hemidesmosomes, or the Secreted
Protein Acidic and Cysteine Rich (Sparc or BM-40) important for extracellular matrix
synthesis®*>** (Figure 6G-I, page 106). Interestingly, the role of Coll7al in division

orientation and SC maintenance was recently shown in the epidermis*®. Coll7al,
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(also called BPAGZ2 or BP180) codes for a structural component of the
hemidesmosomes, is critical for cell adhesion, and mutation in this gene as been
found in patient suffering from JEB"**. Conditional KO of Coll7al coupled with
clonal analysis show a higher proportion of detaching clones in the mouse tail
epidermis. Analysis of cell division orientation show that wild type basal cells divide
always parallel to the BM while cells depleted for Coll7al show an increased
proportion of perpendicular (40%) or oblique (20%) cell division, providing an
explanation for the rapid clone loss*”. These data suggest that Coll 7al is critical to

maintain SC and CP within the basal layer and is a good marker for basal cells.

As mentioned, the unsupervised clustering identified two basal populations
in the young sample (called DP GO I and II) (Figure 6A, page 106) and three
populations in adult SC/CPs (called SC/CP GO I, I and III) (Figure 6B, page 106),
supporting a higher heterogeneity in adult basal stem/progenitors. Interestingly, 3
populations of basal epidermal cells were also described by Joost and colleagues in
the mouse backskin®*. One of our adult population is characterized by a higher level
of expression of Fst, Postn, Iftm3 and the Wnt inhibitor Sostdcl1 (SC/CP GO I) (Figure
6M and Figure S6B, pages 106 and 120). These 4 markers, together with the Krt79,
have been described to be expressed by the infundibulum cells in adult mouse
backskin®*. While our cluster does not express Krt79, it is likely that this population
corresponds to basal cells at the junction between HF and IFE. Interestingly, lineage
tracing in the mouse backskin suggest that the proliferative status of the IFE cells
located within this region could be influenced by the HF cycle®*®. Although this
difference in proliferation has not been observed in the tail epidermis, it suggest
that cells located at the junction between infundibulum and IFE could be influenced
by different external signals compared to IFE cells, and therefore be transcriptionally
different. This population is also present in the young sample (DP GO I) (Figure S6A,
page 120). The two remaining populations observed in adult express either high level
of Wnt4, WntlO0a, Il1v2 and Igfbp2/3/7 (SC/CP GO III) or Mt1/Mt2, Tsc22d1 and Dcn
(SC/CP GO II) (Figure 6N-O and Figure S6B, pages 106 and 120). In the young sample,
by contrast, only one homogeneous population of cells (DP GO II) expressing Mt2,
Wnt4, Wntl0Oa and Igfbp2/7 is present while other markers were only weakly
expressed (Figure 6A and Figure S6A, pages 106 and 120). Interestingly, a larger
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amount of the SC/CP GO II markers (Dcn, Mt1, Mt2, GphaZ2 and S100a6) were highly
expressed in the young adult sample (at P30) but still co-expressed SC/CP GO III
markers (Igfbp2, Igfbp7 and Wnt4) (Figure S6H, page 120). To better visualize the
difference in the cellular heterogeneity of basal epidermal cells between the 3 time
points, basal cells were plotted according to their Area Under the Curve (AUC) values
for the markers specific for Adult SC/CP GO II (x axis) and III (y axis) (Figure S6I-K,
page 120). In the young sample, all basal cells showed a linear correlation between
the two AUC values (Figure S61, page 120). By contrast, at P30, some basal cells, start
to deviate from the trend (P30, figure S6J, page 120). Interestingly, this deviation is
even more strong at P60, in the adult sample (Figure S6K, page 120). Altogether,
these data show that basal cells of the tail epidermis are relatively homogeneous
during early post-natal development and the cellular heterogeneity begins around

P30, at the time of the transition from a growing to a homeostatic mode of division.

Igfbp2 was initially described as an inhibitor of the Igf-induced proliferation,
but its role on cell proliferation is conflicting and can be either positive either
negative, depending on the context and cell lines®*”. In the skin, Igfbp2 seem to be
associated with higher proliferation as it is overexpressed in BCC in KI14-
Cre/Patchl” transgenic mice and in some human BCC biopsies®™®. Treating KI14-
Cre/Patchl” skin explants with anti-Igfbp2 decreased K15 and p63 expression
suggesting that Igfbp2 is important to promote a progenitor state®®. Further
experiments will be needed to understand the role of Igfbp2 in epidermis and
whether it could be a potential SC marker. Interestingly, two studies highlighted the
importance of Wnt signaling as an autocrine positive signal for SC maintenance
within the IFE and showed that blocking this signaling in epidermal cells lead to a
decrease in basal cell proliferation and a premature differentiation®**. Recently,
patients harboring a Wntl0Oa mutation have been shown to suffer from dental
abnormalities and palmoplantar scaling. Further analysis using mouse lines
demonstrated the important role for Wntl0a in epithelial appendages formation and
IFE maintenance and differentiation®”®. Could the SC/CP population that express
these Wnt ligands be the SC while the other would be the CPs on their way for

differentiation ? Further experiments would be necessary to answer to this question.
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Finally, we used SCENIC analysis to predict active TFs and their putative target
genes, or regulon, in our single cell RNA-seq data'®. This analysis showed an active
transcriptional network for known TF such as AP-1 (Jun, Fos) and Trp63in basal DPs
and SC/CPs, consistent with their important role in promoting proliferation and SC
maintenance in epidermis**#°'°6387 (Figure S6C-E, page 120). SCENIC analysis also
showed that differentiated cells expressed TFs and their regulons known to promote
epidermis barrier function such as Klf4 and the Notch effector Hesl (Figure S6F,G,
page 120)*2318  Other TF and their regulons (data not shown), such as KIf5,
Cebpa/Cebpb, Gata3, Grhl3, Pou3fl and Poulf3 were also active in the cells
commited to suprabasal layers, consistent with their important role in promoting
differentiation in epidermis® 72848689929 - Adult SC/CP and young DP populations also
express TF such as Sox4, Nfib/c or Mef2a. A recent study showed that, although
specific depletion of Sox4 in the epidermis does not have a major phenotype on
tissue development, double conditional ablation of Sox4 and Sox11 leads to
premature barrier function acquisition in the epidermis during embryogenesis and
delays wound healing in adult, suggesting that these TF together repress
differentiation and promote migration?’. Chip-seq analysis confirmed that Sox4 and
Sox11 directly regulate the expression of genes implicated in differentiation as well
as cell migration and extracellular matrix organization®. TF from the Nuclear Factor
I family (NFI), such as Nfib and Nfic, are known to regulate cell proliferation and
differentiation during development in osteoblasts and hematopoietic cells, in central
nervous system, mammary gland and lung and are also associated with different
kind of cancers such as glioblastoma or lung carcinoma?''. In epidermis, Nfib is
upregulated in quiescent bulge stem cells*. Specific conditional knock out of Nfibin
bulge stem cells, using Sox9-CreER mice, increases cells proliferation in the bulge
and promote the expression of the secreted factor endothelin 2, which induce a
premature differentiation of melanocytes and accumulation of melanin pigments?'-.
Altough Nfib cKO does not have any impact on hair pigmentation or formation, these
data suggest an important role for Nfib in the control of stem cells niche?. Its role
in IFE is currently unknown. The Myocyte Enhancer factor 2a (Mef2a) has been shown
to bind and regulate upstream region of the Glucose transporter GLUT4 in adipose
tissues, heart and muscles and to be important for the maintenance of mitochondria

in cardiomyocytes®**'*, However, its role in the epidermis is currently unknown.
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Further experiments will be needed to assess the specific role of these TF in the IFE

(See Perspectives).

SCENIC analysis also highlighted specific TFs and their regulons associated
with SC/CP GO III population such as Cebpb, Etsl/2, Pparg, KIf10 or PouZlf3.
Interestingly, Cebpb and PouZlf3 are also expressed by differentiated cells in the
interscale and scale clusters, consistent with their role in promoting epidermal
differentiation®. Using siRNA and Chip-seq analysis, in vitro studies showed that
Cebpb and PouZ2f3 inhibit the activity of the enhancer that controls p63 expression
leading to p63 repression and promoting differentiation in cultured keratinocytes*".
PPARy is known to regulate genes implicated in inflammation, lipid homeostasis and
differentiation in the skin*'°. In human skin, PPARy localization is mainly cytoplasmic
in basal cells and nuclear in suprabasal cells consistent with its expression
correlating with differentiation markers*7?'%, Mice harboring a specific deletion of
PPARy in HF cells, using K15-Cre promoter, start to display progressive scratching
behavior, hair follicle loss and inflammatory cells infiltration in the dermis after 3
months of age showing a role for PPARy in skin homeostasis*°. Moreover, specific
deletion of PPARy in basal cells using K14-Cre or K15-Cre/PPARy” mice lead to an
increase in cell proliferation and hyperkeratosis suggesting a role of PPARy to
repress proliferation?**. The upregulation of these three TF and their regulons in
SC/CP GO III may suggest that this population is on its way for differentiation and
therefore potentially represent a CP population. On the other hand, Ets] expression
is, by contrast, associated with basal cell maintenance”. Etsl protein is
predominantly expressed in the nuclei of basal cells in mouse and human
epidermis’**'. Forced expression of Etsl in suprabasal cells of adult mice, using Inv-
tTA/TetO-Ets1 transgenic animals, leads to hyperplasia and pronounced invasion of
the epidermis and increased angiogenesis in the dermis’?*. Histologically, Inv-
tTA/TetO-Ets1 epidermis show ectopic expression of p63 and K14 in suprabasal cells
and their co-expression with spinous marker such as K10 as well as reduced
expression of cornified envelope markers”**. Etsl also control the expression of
several MMP genes, more particularly Mmpl3, consistent with the invasive
phenotype™?*?, These results suggest an important role for Etsl in the control of

basal cell identity and proliferation, the repression of late differentiation markers

174



and possibly the remodeling of the BM. It is possible that the co-expression of these
TF implicated either in differentiation (PPARy, Cebp and Poul2f3) either in basal
maintenance (Ets1) may confer a specific behavior to these SC/CP GO III group. More
experiments will be necessary to determine whether these TF play a role in SC and
CP identity in skin epidermis. Finally, lineage trajectory analysis using Slingshot
revealed a single lineage from the homogeneous population of DPs to differentiated
cells in young sample and 3 lineage trajectories leading to scale and interscale
differentiated cells as well as one lineage toward SC/CP III, again higligthing the

heterogeneity within the basal cells in adult epidermis***.

Our clonal analysis combined with the single cell RNA seq all point toward the
possibility that a single and homogeneous population of DPs give rise later to a
hierarchy of SC and CPs leading to a higher heterogeneity within the basal
compartment. Interestingly, this scenario has recently been described for the
intestine. While many studies identified Lgr5 as a marker of adult SC residing in the
intestinal crypt'***2* it has been shown that SC can arise from any of the equipotent
precursors cells that constitute the intestine during embryonic development*.
These results suggest the possibility that SC are not intrinsically programmed since
early stage of embryonic development to act as SC but rather acquire their SC
properties along the way. In adult epidermis, our group demonstrated that SCs were
localized within the interscale compartment'®. Could the two adult SC/CP
populations (SC/CP GO II and III) correspond to scale and interscale specific basal
cells ? Or do they highlight different cell state ? Interestingly, the fetal intestine
initially does not contain any crypt which appear late during embryonic
development, just before birth?>#¢ 4, Similarly, the tail epidermis is highly uniform
at birth and the pattern interscale-scale is not yet present. The progressive
acquisition of scale markers around P7 may suggest a change within the skin
epidermis after that time point. Could the scale-interscale patterning be responsible
for the establishment of a niche during the post-natal development as it is suggested
for the crypt within the intestine® ? In the past, many attempts were made to
understand whether IFE SCs where depending on a specific niche. Some studies
showed that skin denervation had an impact on HFSCs and IFE SCs maintenance and

argued that signals coming from the nerve could be a niche signal for epidermal
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SC"27 - Other recent lineage tracing experiments showed that blood vessels
branching point where located preferentially under the scale where the cells are fast
cycling and therefore suggest that dermal vasculature could influence the
proliferative status of the epidermal basal cells?®. Further experiments will be
necessary to validate these hypothesis and identify the signals responsible for the

SC specification (See Perspectives).

5.2.3 Cell division orientation and collagen fibers

Our clonal tracing revealed unexpected clone shape in the tail epidermis and
clearly show that beside fate decision, cells do not divide randomly in the plane of
the tissue but seem to be constrained. Clones were not necessarily elongated toward
the length of the tail, as we could expect if a global tension was present in the sense
of the growth. Rather our data show strong correlation between clone orientation
and collagen fiber orientation in vivo (Figure 7C-K, page 122). In addition, our micro-
pattern experiments in which collagen fibers are coated aligned in one direction
versus non-aligned show that collagen fibers orient cell division (Figure 7L-N, page
122). Another study showed that collagen fibers also dictate directionality and
branching in the mammary epithelium, suggesting that this process could be

conserved across different tissues?”.

Other factors could potentially explain the anisotropy of the clones. Our data
showed that basal cells within the scale proliferate faster than the interscale cells.
In drosophila imaginal wing disc, live-imaging and mathematical in silico models
showed that spatial differences in proliferation rate can lead to anisotropy within
the tissue. Clones having a higher proliferation rate influence neighbors clones
which then grow anisotropically around them?*®. It is therefore tempting to speculate
that scale “fast” dividing cells exert a certain pressure on interscale “low” dividing
cells. It is also interesting to notice that on average 30% of the clones observed in
the tail are isotropic in both compartments. Could these isotropic clones be “more”
proliferative clones and also influence their neighbor clones within the scale
compartment ? Further experiments will be necessary to understand the different

mechanisms that governs clone anisotropy within the tail epidermis.
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6 PERSPECTIVES

6.1 WOUND REPAIR

Cell fate regulation. The switch from a “balanced” to an “expanding” mode of
proliferation observed by others on primary epidermal human cells suggest that
keratinocytes are intrinsically able to change their cell fate decision in vitro .
However our clonal analysis show that basal CPs cannot switch to a
proliferative/self-renewing mode in vivo. One possible parameter controlling this
switch is cell confluence '*°. In vivo, the only cells that could be out of this confluence
are the LE cells. We showed that the quiescence of the LE can be released under
dexamethasone treatment. It could be interesting to see, using live imaging and
single cell clonal analysis, whether this switch to an “expanding” mode could happen
in vivo when proliferation is rescued at the leading edge or whether we observe a
change on cell fate dynamics when the LE fronts touch each other, at the end of the
wound repair. Likewise, it could be interesting to perform clonal analysis on
stratified reconstructed skin in vitro to see whether the switch from “balanced” to

“expanding” occurs or not at the LE of a confluent reconstructed epidermis.

Compartmentalization. The compartmentalization of the skin epidermis
upon wound healing is clearly defined locally, which raised further question : What
are the molecular mechanisms regulating the temporal and spatial appearance (and
resolution) of the LE and the proliferative hub ? To answer to these questions, it
would be interesting to sort LE versus Proliferative hub cells on the basis of their
Itga5 expression and perform ATAC-seq to understand the epigenetic modifications
associated with these compartments. Focusing on the promoter regions of the LE
genes, one could identify the TFs responsible for these upregulation. It has been
shown that an inflammatory memory exist within the keratinocytes after tissue
damage which enables keratinocytes to be re-activated faster in a second damage'®®.
Performing ATAC-seq at the end of the healing process, when the LE gene expression
is resolved, would also bring important informations to understand what control the

LE signature and whether this kind of memory also exist in LE cells. To validate
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candidate TF, GOF and LOF experiments should be performed in vivo upon wound
and using the expression of the LE genes signatures as a read out. Another important
question arising from our wound experiments is the specific role of some new
molecules identifies in the LE, such as Gprc5a or Flrt2 and 3. Are these genes
important for the migration, the attachment of the cell over the providential matrix
or the quiescence ? GOF and LOF experiments should be performed in vitro using
scratch wound assay on epidermal cell lines to understand their function and why

they are specifically upregulated at the LE.

Role of the inflammation. Our data showed that blocking inflammation using
dexamethasone releases LE cells from their quiescence, suggesting that some
inflammatory cells may secrete signals or directly block epidermal proliferation.
What is the impact of this quiescence in healing ? Which are these inflammatory cells
and through which mechanisms they block epidermal proliferation ? The first
immune cells recruited on the wound site are neutrophils and monocytes '‘°. First,
FACS analysis has to be performed on wound skin treated and untreated with
dexamethasone in order to identify which cell population is decreased. A recent
FACS protocol has been proposed to accurately identify all types of lymphoid
immune cells (B cells, T cells, NK cells) and myeloid immune cells (neutrophils,
monocytes, macrophages, dendritic cells) based on their expression for specific
markers (CD45, Ly6G, CD11c, Cdl1lb, IA/IE, CD64 and CD24)#'. An alternative
method would be to perform 10X Genomics on all cells isolated form dermis and
epidermis at different time point after wound and, based on the expression of these
specific markers, identify which population is missing or show a change in their gene
expression, in particular the genes regulating proliferation in a paracrine manner,
after dexamethasone treatment. Using this strategy, one could assess the change in
the proportion of these cell populations after dexamethasone treatment and
perform further experiment on mice deficient for this cell population to see whether
the quiescence of the LE cells is maintained and whether it improves healing or not.
Intraperitoneal injection of Clodronate liposomes '® or anti-Csfrl ** have been
shown to successfully deplete macrophages in mice. However the best depletion
experiments would be to combine the Cre-inducible Diphteria Toxin Receptor (iDTR)

mouse line with lineage specific Cre*. CD4-Cre/iDTR mice can be used to delete
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CD4+ CD8+ T lymphocytes #*, Foxp3-DTR-eGFP to deplete specifically Treg *°, CD19-
Cre*® or Mbl-Cre* /IDTR to delete B lymphocytes. MRPS8-Cre could be used to
deplete neutrophils and Cx3cr1-Cre to deplete macrophages specifically**. Although
it is well known that depletion of neutrophils and macrophages with the
LysMCre/iDTR mice show a delay in wound healing when the ablation is performed
early after wound, their contribution to the quiescence of the LE were not assessed'¥.
It would therefore be interesting to check the effect of these different lineage

depletion on the quiescent status of the LE cells using BrdU incorporation.

Role of the ECM. Wound healing is characterized by the local disruption of
the ECM and the accumulation of a hemostatic fibrin clots which serve as a
provisional matrix for keratinocytes, fibroblasts and inflammatory cells migration'*®.
This provisional matrix may have a different stiffness compared to normal ECM.
Matrix stiffness have been shown to regulate proliferation status of cells in many
tissues by a mechanism called mechanotransduction®®. This is mediated by the
activation and the translocation of the Yes Associated Protein (YAP) and TAZ into
the nucleus, two transcriptional co-regulators, which, under increased matrix
stiffness or cell spreading, activate cell proliferation®*. As a consequence, decreased
matrix stiffness and cell shape area are known to decrease cell proliferation, due to
the inactivation of YAP and TAZ**. It is therefore intriguing to know whether the
quiescence of the LE is dictated by mechanical signals such as a decreased stiffness.
Mice deficient for YAP and TAZ in their epidermis harbor a delay in wound healing,
suggesting a role for these mechanotransducers in repair?°. However, nothing is
known about the potential role of YAP and TAZ in the LE. Wound healing should be
performed on KI14-CreER/YAP”TAZ" mice, combined with BrdU incorporation to
assess whether the ablation of YAP and TAZ have an impact on the quiescence or
the molecular profile of the LE cells. In order to know whether the provisional matrix
harbor a decreased stiffness compared to normal ECM, Atomic force microscopy
(AFM) should be performed on thick section at the LE and in the proliferative hub,
at different time point after wound. If this is the case, a better characterization of
the composition of the provisional matrix should be performed using mass

spectrometry. Artificial ECM harboring a similar composition and/or fiber
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orientation could be engineered and used to see whether the LE and proliferative

hub could be recapitulated in vitro with reconstructed skin epidermis.

Plasticity during wound healing. Using single cell RNA-seq, clonal analysis
and ATAC-seq, recent studies, shed lights on the molecular mechanisms regulating
plasticity and memory during wound healing'#'%7_ Ge and colleagues showed that
IFE SC have similar and unique regions of accessible chromatin compared to HF SC
and highlighted the key role of TF such as Sox9 and KIf5 to regulate HF SC and IFE
SC identity respectively'””. Joost and colleagues showed that Lgr5 bulge cells already
change their molecular identity before their migrate out of the HF, and more
specifically increase the expression of receptor for wound ECM ligands, suggesting
a key role for the microenvironment in this plasticity'®. By contrast, Lgré upper HF
cells already expressed receptors for wound ECM ligands, providing a possible
explanation for the rapid mobilization of these cells into the IFE upond wound'*.
Naik and colleagues showed that IFE SC have an inflammatory memory and conserve
a chromatin configuration after inflammation that enable to react faster during a
second inflammation'®. These discoveries, in parallel with our results showing a
similar clonal dynamics of infundibulum and IFE cells upon wound healing, raise a
lot of new questions. What are the genes responsible for lineage infidelity of isthmus
and upper isthmus SC populations ? Is their an inflammatory memory in the HF
bulge and upper isthmus SC populations ? What are the transcriptional transition
states followed by Lrigl derived cells upon wound ? Are they similar to Lgr5 and
Lgr6 derived cells'® ? In order to answer to these questions, ATAC-seq and single
cell RNA-seq using 10X Genomics technology'’ should be performed on Lgr5-CreER,
Lgr6-CreER and Lrigl-CreER lineage traced cells before and at different time point
after wound. By comparing the list of genes upregulated (or downregulated) upon
wound at the transcriptional level and the new ATAC peaks acquired during wound,
it would be possible to identify candidate genes responsible for the establishment
of the natural lineage barrier and understand what is the temporality of the
molecules breaking this barrier. The specificity and relevance of these genes in
plasticity should then be assessed through LOF and GOF experiments, during
homeostasis and repair, by checking the ability of each SC population to migrate out

of their niche and invade IFE.
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In addition, one could wonder whether the regulation of these genes could be
mechanical and influenced by cell shape or ECM rigidity. Key mediators of mechano-
transduction are YAP and TAZ, two transcriptional co-regulators, which transduce
mechanical signals into biological effects such as cell proliferation or
differentiation®*°. While ablation of YAP and TAZ in K5+ basal IFE cells have been
shown to delay wound closure in mice, the role of these mechanotransducers in
specific SC populations is currently unknown®*. To test whether
mechanotransduction could play a role in the lineage infidelity of specific SC
populations, we should use Lgr6-, Lgr5- or Lrigl-CreER/Rosa-Confetti/YAP" TAZ"
mice and perform lineage tracing and 10X Genomics at different time point before
and after wound. Combining the clonal analysis and the transcriptional profiling of
each cell population, we should be able to assess the consequence of the specific
deletion of YAP and TAZ on the molecular profile of these cells and on their ability
to migrate out of the HF upon wound repair. Similarly, to test whether sensing via
actin cytoskeleton is important for lineage infidelity, we could use Lgr6-, Lgr5- or
Lrig1-CreER/Rosa-Confetti/Racl™ mice and see the impact of Racl deletion
specifically on the transcription profile and the recruitment of these SC population

during wound healing.

Finally, uncertainty remains concerning the reversion. Are suprabasal cells
able to revert and establish as bona fide SC after wound ? The way to answer this
question is complex as most of the CreER mouse line under the control of a
suprabasal promoter (Gatab6, Inv, K10) also target basal cells. In this case, the use of
photo-activatable construct such as the PAmCherry placed under the control of K10
promoter could be usefull’®*!. This new mouse line should be crossed with a
constitutive fluorescent membrane reporter such as the K14-GFP-actin mouse line**.
Using 2-photon live imaging, it would be possible to activate the PAmCherry with
light specifically in a large number of isolated suprabasal cells at different time point

after wound and follow their fate overtime.
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6.2 POST-NATAL DEVELOPMENT

Niche and SC specification. Our clonal analysis and single cell RNA seq data
suggest that an homogeneous population of DPs exist during post-natal
development and that the SC/CP populations are therefore specified later on. In
addition, recent lineage tracing data obtained in the laboratory on adult tail
epidermis suggest that interscale contains SC and CP while scale only contains CPs'*.
Do the two SC/CP populations identified in our single cell RNA seq data corresponds
to scale and interscale specific populations ? In order to answer to this question,
further immunostaining or in situ hybridization should be performed to see whether
these markers have a restricted spatial expression corresponding to scale and
interscale regions. If it is not the case, it could also be that these two SC/CP
populations represent different cellular states. Using different markers in
combination, we should check whether basal cells express markers from different
populations at the same time. In order to understand the dynamics of their
expression, we could also engineer new knockin mouse lines where different
fluorescent reporters, such as the nGFP, RFP and mCFP, are placed under the
endogenous promoter of specific genes identified in our SC/CP GO population I, II
and III. Specific markers would be for example the Wnt antagonist Sostdcl (SC/CP
GO I), the extracellular matrix protein Decorin (Dcn ; SC/CP GO II) and Wnt4 (SC/CP
GO III). Each promoter being associated with a specific color, it should be possible,
using live imaging to see whether a unique cell expresses these three markers
simultaneously or not and potentially identify a temporal pattern of expression for

these factors.

The late specification of the SC/CP hierarchy suggest that niche signals may
appear during post-natal development. These niche signals can be of different type.
A first possible scenario would be a paracrine secretion form the underlying
fibroblast, such as the one described for HF placode specification?, or other cell types
such as blood vessels, nerves or resident inflammatory cells, as previously
suggested'****7#?%, In order to identify these signals, single cell RNA sequencing using
10X Genomics technology** could be performed on whole skin, including the dermis,
in P1, P7, P21 and adult mice. Using unsupervised clustering and public database to

identify the different cell types, we should be able to check whether dermal
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fibroblasts, endothelial cells, neurons or Langerhans cells express different signaling
molecules during post-natal development and adult. Then, using specific database
for receptor-ligand combined with the transcriptional profile of IFE cells at each
specific time point, it is now possible to screen for the more promising interactions.
The most promising interactions should first be validated by immunostaining or in
situ hybridization (RNA scope) on skin samples. Then, the receptor-ligand
functionality should be confirmed through the use of blocking antibodies or lineage
specific GOF/LOF experiments in vivo and the relevance of this pathway for SC

maintenance should be assessed by clonal analysis and wound experiments.

A second possible signal could be local mechanical signals due to epidermal
cell crowding or different ECM stiffness within the dermis. Recent studies
highlighted the importance of tissue mechanics on gene expression through
chromatin remodeling'”'*°. It would be interesting to measure the stiffness of the
dermis within scale and interscale regions by AFM and see whether this is correlated
with the proliferative status of the cells. Then, in order to check whether specific
markers, such as Sparc, Tsc22d1, Dcn, Igfbp2, Wnt4, or Wntl0a, are regulated by
ECM stiffness or cell crowding, we could create new cell lines using CRISPR/CAS9
technology where the promoter sequence of these markers control a fluorescent
reporter. Using in vitro micro-patterning with different stiffness or overcrowding
and scratch wound assay we should be able to identify whether tissue mechanics

can influence the expression of these factors.

Finally, the niche signal could also come from the SC themselves or the CPs.
Our data show that one SC/CP express high levels of Wnt4 and Wntl0Oa. Blocking
Wnt secretion in basal IFE cells decrease their proliferation and induce their
premature differentiation in vivo suggesting that Wnt signaling could be an
autocrine niche signal*#*. Could the expression of Wnt ligands reflect the SC or CP
status of the basal cells ? Are the Wnt ligands all equivalent to maintain SC ? In order
to assess the role of a specific Wnt ligand on SC maintenance we could use the
induced, fluorescent and genetic Mosaic (ifgMosaic) construct***. This construct was
specifically designed to insert easily the coding sequence of up to three genes of
interest and couple their expression with a fluorescent Histone 2B protein,

highlighting the nucleus of modified cells with a specific color (ichrMosaic)**. By
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inserting Wnt ligand sequence and Wnt ligand sequence harboring a point mutation
in the genetic construct, we could generate a ichr-Wnt-Mosaic mouse line. Crossing
this mouse line with K14-CreER would enable, upon TAM administration, to induce
in a mosaic manner H2B-Cherry colored wild type clones, H2B-GFP colored cells with
LOF of Wnt ligand and H2B-cerulean colored cells with GOF for the Wnt ligand.
Following the proliferation dynamics and clonal persistence overtime of each type
of clone, we should be able to see whether this specific Wnt ligand is important for
an autocrine SC maintenance. If specific clones display a decrease in proliferation,
analysis of the clone shape (isotropic versus anisotropic) should also be made to
check whether a correlation exist between proliferation and isotropy. The same

approach could be used for the other markers highlighted in this study.

Cell fate decision regulation. In this project we studied cell fate decision upon two
processes where skin has to expand : wound repair and post-natal growth. As the
results show, while both situations lead to new tissue generation, the mechanisms
underlying each type of expansion are different. Another situation where skin has
to expand is currently used in esthetic surgery for mammary reconstruction or
before skin graft covering burn defect : the forced mediated skin expansion. This
technique implies the use of a inflatable prosthesis place subcutaneously and
inflated progressively through physiological liquid injection. The inflation of the
device under the skin forces the tissue to expand and the surplus can then be used
to cover a neighbor area*”. Is the force-mediated expansion able to induce an
imbalance toward self-renewal ? Our recent unpublished data suggest that it does.
Using subcutaneous hydrogel placed on the back of K14-CreER/Rosa-Confetti mice
we saw that basal clones follow the amount of expansion but nevertheless have a
stable persistence compared to homeostasis, suggesting that they increased their
self-renewal during forced mediated expansion (Unpublished data). Strikingly,
oncogenic hit such as the constitutive activation of the Shh pathway also induce an
imbalance toward self-renewal in K14-CreER/Rosa-SmoM?Z2 transgenic mice'*”. These
results suggest that several conditions of epidermis expansion lead to an imbalance

in favor of self-renewal.

To understand which epigenetic modifications are necessary to induce self-

renewal, we should perform ATAC-seq on basal cells coming from K14-CreER/Rosa-
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SmoMZ2 GFP+ clones at different time point in the first days following TAM
administration and compare with TAM treated control mice. Combining these data
with RNA sequencing data will allow to analyse the dynamics taking place during
increased self-renewal and decipher the chromatin modifications associated with
this phenomenon. Motif discovery analysis will highlight the TF implicated in this
process. As our results show that an imbalance for self-renewal also takes place
during post-natal development, we should also perform ATAC-seq on P7 young mice
and compare the TF which display active regulon and open chromatin in tumor
formation and P7 young mice growth and see which are common. TF of interest can
then be deleted (alone or in combination) using the ifgMosaic cells*** construct in
oncogenic mouse model. Clonal analysis should be performed to trace the cells in
vivo and see whether the LOF prevents the self-renewal advantage in the KI4-
CreER/Rosa-SmoM?2 mutant clones. By contrast, gain of function experiments can be
performed on adult homeostatic tail epidermis to see whether the TF can confer an
advantage for self-renewal. Similarily, the role of TF associated with adult
homeostasis such as Nfib, Mef2a, PPARy or Etsl should be analysed more precisely
by specific GOF and LOF to understand their specific role in the adult tissue. By
combining Nfib”"*'?* or PPARy” % mice with K14-CreER/Rosa-Confettimice or by using
ifgMosaic construct to engineer new transgenic mice, one could assess whether the
loss of these genes, alone or in combination, changes the proliferation dynamics of
the adult IFE cells and whether their gain or loss function confer an advantage for

self-renewal.
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7 CONCLUSION

In this thesis, we analysed two conditions in which the epidermal tissue has
to increase in size : the re-epithelialization after wound healing and the tissue
expansion during post-natal growth. Using the mouse epidermis as a model, clonal
analysis and mathematical modelling, we showed that these two physiological
phenomena are achieved through different cellular mechanisms. Our data show that
wound healing is achieved through an increase in proliferation and SC reactivation
while basal cells retain their homeostatic mode of division and keep balancing self-
renewal and differentiation. In addition, while Infundibulum and IFE SCs reside in
different regions in the skin, they acquire the same dynamics upon wound healing.
By contrast, during post-natal growth, basal cells display a constant imbalance for
self-renewal, at the expense of symmetric differentiation, with an ever decreasing

proliferation rate, leading to an harmonious growth.

Moreover, we provide new insights in the molecular identity of basal epidermal
cells. Transcriptional profile of the epidermis during wound healing highlighted two
molecularly distinct and transient compartments : a quiescent LE and a proliferative
hub. Our results show that LE cells have a specific transcriptional signature that can
be uncoupled from their quiescent state and we uncover new markers not previously
described in wound healing. Using single-cell transcriptional analysis we show that
postnatal skin epidermis is composed of a homogeneous population of equipotent
developmental progenitors (DPs) and that tissue heterogeneity is acquired at the
transition between young and adult mouse. Finally, in vivo measurement and in vitro
micro-patterning experiments show that DPs cell division orientation is locally
influenced by the collagen fibers alignment in the underlying dermis. These data
suggest that the SC specification occurs late during development and that division
orientation is influenced by extrinsic factors. Further experiments will be necessary
to understand which factors are essential for SC/CP specification, which external
and internal factors can promote self-renewal, and through which molecular

pathway they are connected. Resolving these key questions would help to find new
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targets for treatment of chronic ulcers or severe burns and is an important medical

and societal challenge.
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