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Spatiotemporal Switches in Progenitor Cell
Fate Govern Upper Hair Follicle Growth
and Maintenance
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The epidermis provides a protective barrier against hostile environments. However, our knowledge of how this
barrier forms during development and is subsequently maintained remains incomplete. The infundibulum is a
cylindrical epidermal tissue compartment that serves as an outlet for hair follicles protruding from the skin and
the excretion of the sebaceous glands that are essential for proper skin function. In this study, we applied
quantitative fate mapping to address how infundibulum are maintained during adulthood. We demonstrate
that progenitors build and maintain tissues through stochastic cell fate choices. Long-term analysis identified a
preferential transient contribution from cells initially located at the bottom of the structure to the maintenance
of the tissue, with bursts of local progenitor expansion associated with the phases of hair growth. Beyond
providing compartment-wide insights into progenitor cell dynamics in infundibulum, these findings demon-

strate how spatiotemporal regulation controls transient progenitor dominance.
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INTRODUCTION

Similar to many epithelial tissues, the skin epidermis is
maintained by specialized proliferative stem cells or pro-
genitors that can either self-renew through cell duplication or
differentiate into more specialized postmitotic cells that
support tissue function. Throughout life, balanced cell-fate
decisions within the epidermis provide the basis for con-
stant tissue renewal and maintenance. Epidermal stem cells
are in contact with the basement membranes. As the cells
differentiate, they lose their attachment and move toward the
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skin surface (Fuchs, 2008). The epidermis consists of different
components: the outer layer, the interfollicular epidermis
(IFE), which forms a protective shield against hostile envi-
ronments, and adnexal structures such as the pilosebaceous
unit, which provides auxiliary functions such as insulation
and lubrication. Pilosebaceous unit functions are executed
by distinct compartments such as the hair follicle (HF), which
gives rise to hair growth (Plikus et al, 2008), and the seba-
ceous gland (SG), which is the source of sebum production
(Ehrmann and Schneider, 2016; Zouboulis et al, 2016). These
parts are joined by the infundibulum (INF), which forms an
essential funnel that supports both functions. In homeostasis,
each of these compartments (HF, SG, INF) are maintained as
independent units by specialized stem cells (Page et al,
2013). However, the mechanism underlying the cellular
replenishment of the INF remains unclear.

During development, pilosebaceous unit formation is
initiated within the expanding IFE as HF placodes elongate
into the underlying dermis. The cellular position within the
forming placode, which is associated with specific marker
expression, governs the fate of individual cells (Morita et al,
2021). During this process, lineage-committed epidermal
cells expressing Lrig1 give rise to the SG and INF (Andersen
et al, 2019; Jensen et al, 2009; Snippert et al, 2010).
Quantitative fate mapping studies have shown that SG for-
mation is achieved through an imbalance in cell fate de-
cisions toward cell duplication, giving rise to progenitors
that can continue to fuel tissue growth (Andersen et al,
2019). A similar behavioral pattern has been associated
with the postnatal formation of the IFE (Clayton et al, 2007;
Dekoninck et al, 2020; Mascré et al, 2012; Sada et al,
2016). Once the adult sizes of different compartments are
reached, cell fate decisions are balanced to support tissue
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maintenance. Throughout life, the lower portion of the HF
dedicated to hair growth moves episodically through
distinct phases of turnover, beginning with expansion
(anagen) to support HF formation, regression (catagen), and
a resting phase (telogen). In mice, the developmental phase
of HF growth completes around postnatal day 19 followed
by the first catagen phase. After follicle regression, the first
postnatal hair cycle is initiated at approximately postnatal
day 21 and lasts until weeks 6—7. After regression of the
HFs, they enter a long telogen phase, extending for at least 3
weeks. Importantly, until this point, the first phase is syn-
chronous across the entire back skin of the animal, whereas
subsequent phases of HF growth are asynchronized. Inter-
estingly, the IFE closest to INF is affected by HF growth (Roy
et al, 2016); however, it remains unclear whether cell fate
decisions in INF are also affected.

Fate mapping data in combination with statistical
modeling provide quantitative insights into the cellular dy-
namics that collectively maintain tissues at the population
scale. This type of analysis has been used in many tissues to
delineate the behavior of stem cells and progenitors and has
been used in the IFE and the SG to describe how these parts
of the epidermis are maintained long term in steady state and
in cases of insults in the tissue (Andersen et al, 2019;
Blanpain and Simons, 2013; Clayton et al, 2007; Dekoninck
et al, 2020; Fuchs, 2008; Guiu et al, 2019; Han et al, 2019;
Klein and Simons, 2011; Mascré et al, 2012; Moad et al,
2017; Sada et al, 2016; Sanchez-Danés et al, 2016;
Snippert et al, 2010; Teixeira et al, 2013). In this study, we
extend this type of analysis to INF, where we describe the
cellular mechanisms of INF formation and maintenance.
Using the Lrig1::eGFP-IRES-CreER™® genetic mouse model
(Jensen et al, 2009; Snippert et al, 2010), we labeled the cells
during early INF formation and adulthood. This approach
allowed us to trace the dynamics of labeled progenies during
tissue morphogenesis and, when conducted with multiple
time points at clonal resolution, the eventual dynamics that
support the turnover of adult INF.

RESULTS

Defining cellular growth and behavior during INF
morphogenesis

The INF is a stratified epithelium characterized by basal cells
anchored to the basement membrane and differentiated
suprabasal cell layers (Figure 1a and b) (Fuchs, 2008; Miiller-
Rover et al, 2001). To understand how INF forms at the
cellular level, we first investigated the overall pattern of
growth during late development, focusing on small zigzag
hairs (Driskell et al, 2009), as described previously for the SG
(Andersen et al, 2019). Development of the INF, defined as
the structure that spans the upper part of the pilosebaceous
from the IFE to the basal cell by the duct of the SG (Figure 1b),
is characterized by an initial burst in growth from postnatal
day 2 to postnatal day 7, followed by a second slower growth
phase that ensures that the INF reaches the size of the adult
compartment by postnatal day 23 (comprising 128 £ 12
basal cells) (Figure 1c and Supplementary Figure S1a—d).
This is earlier than the structurally similar IFE, where the rapid
expansion phase lasts for the first 3 weeks, followed by a
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slower growth phase before the tissue enters a homeostatic
state (Dekoninck et al, 2020).

To define cellular dynamics during morphogenesis in INF,
we performed quantitative fate mapping within the upper
pilosebaceous unit by labeling progenitors expressing Lrig1
clonally at postnatal day 2 (Figure 1d—f) (Blanpain and
Simons, 2013). Assessment of the 3-dimensional clone
composition at postnatal day 7 revealed a broad distribution
of basal and suprabasal clone sizes, marked by an
exponential-like dependence (Figure T1g and h). Character-
ized by a single size scale, this behavior suggests that all
progenitor cells have the potential to contribute equally to
INF morphogenesis. To test this quantitatively, we applied a
statistical modeling-based approach to the clonal data
(Andersen et al, 2019; Clayton et al, 2007; Mascré et al,
2012), assuming a single population of proliferative basal
cells that can divide symmetrically into 2 basal cells (P ->
P + P), asymmetrically into basal and suprabasal cells (P ->
P + D), or symmetrically into 2 suprabasal cells (P -> D + D).
Suprabasal cells do not divide even during the early stages of
development. For simplicity, we assumed that the loss of
suprabasal cells at early time points was negligible. With 3
fitting parameters (2 for the relative probabilities of fate
choices and 1 for the division rate), we found that the dis-
tribution of basal and subrabasal cells could be captured
accurately over the developmental time course with the
probability of symmetrical P + P fate set at 63% (confidence
interval = 55—70%), D + D fate at 20% (confidence
interval = 0—40%), and the remaining 17% of divisions
leading to an asymmetrical fate outcome, P + D. The average
division rate of the progenitors was set to once per 1.25 days
(Figure 1i and j). The pronounced bias toward symmetric cell
duplication fuels the expansion of the compartment, such
that each basal cell at postnatal day 2 gives rise to almost 6
cells on average (4 basal, 2 suprabasal) at postnatal day 7,
consistent with the nearly 6-fold expansion of the overall
tissue (Figure 1c). To further test the predicted average cell
cycle time, we measured the cell division rates on the basis of
the fluorescence decay of doxycycline-inducible H2B-
mCherry (Andersen et al, 2019) (Figure Tk—m). The reduction
in the average H2B-mCherry intensity within the basal INF
cell compartment followed an exponential-like decay that fit
well with the division rate inferred from the clonal data
(Figure 1j).

Overall, these data support a model in which the basal
layer of the INF is composed of equipotent progenitors that
undergo stochastic yet imbalanced cell fate choices to fuel
the rapid growth phase.

Long-term cell fate decisions in the adult INF

To understand how INFs were maintained after the initial
growth phase, we analyzed samples isolated after the
establishment of a homeostatic state (Figure 2a). As expected,
the clones were confined within the boundaries of the INF
and distributed along the entire compartment axis
(Figure 2b). Over time, some clones were found to extend
across the length of the INF (Figure 2b). Quantitative clonal
analysis revealed a progressive increase in the average
number of basal and suprabasal cells in the individual clones
(Figure 2c and d). Importantly, the increase in clone size was
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Figure 1. Defining the patterns of tissue growth and cell behavior during INF morphogenesis. (a) Schematic depiction of INF structure in adult mice. (b) IHC
close up of INF stained for DAPI and ITGA6, which marks basal cells. (c) Mean number of basal cells in INF at different developmental time points.

(d) Schematic representation of the mouse model used in the study. (e) LrigleGFP expression at P2 prior to the formation of the INF and at the time of label
initiation for this study. (f) Illustration of the labeling strategy and the morphological changes in the HF and INF during the course of the lineage-tracing study.
Shown are representative 3D reconstruction and 2D images for quantification of an RFP (red) clone at P7. (g) ITGA®6 staining is used to discern between basal
cells (ITGA6+ in green, indicated with white starts) and suprabasal cells ITGA6—, indicated with black stars). (h) Quantification of clone composition (basal
and suprabasal cells) and frequency at P7. (i) Mathematical analyses based on an effective model with a single stochastic and equipotent progenitor pool,
heavily biased toward symmetric renewal, provides the best fit for the experimentally observed clonal data at P7. (j) Prediction of probabilities for either
symmetrical (producing 2 progenitors or differentiated cells) or asymmetrical (producing 1 progenitor and 1 differentiated cell) cell division every 1.25 days on
average from P2 to P7. (k) Strategy for independent cell cycle length estimation using the Col7al-tetO-H2B-mCherry mouse model after a 2-week DOX pulse
and then chased from P2. (I) Representative image of detection of H2B-mCherry (red) and ITGA6 (gray); developing follicles are outlined with a dashed line.
(m) Intensity of H2B-mCherry fluorescence in the basal compartment of the INF at the indicated time points (experimental data, red circles) has a good fit with
the H2B-mCherry fluorescence intensity predicted by the theoretical model in j (theoretical model prediction, gray line). Bars = 50 pm. 2D, 2-dimensional; 3D,
3-dimensional; DOX, doxycycline; HF, hair follicle; IHC, immunohistochemistry; INF, infundibulum; P2, postnatal day 2; P7, postnatal day 7.

www.jidonline.org

2193


http://www.jidonline.org

2194

MS Andersen et al.

Spatiotemporal Switches in Cell Fate During Homeostasis

a

Lrig1CreER™;R26-Is|-Confetti
Mouse model

P23 P56 P90 P365

Sample collection
+40HT

@000

- 1
Basa cells 5\)9‘3

Clone evolution

d
Size
80
L]
L]
@ 60 :
] 0{0
© L] L]
2 40 o § =
20
L
o
h
Col1a1-tetO-H2B-mCherry
Ag {DOX-OFF
" 7 {P56 chase P70
Y I+2 weeks I
DOX-ON Sample collection
k
¢ every 2.9 day
B
50% -

[T 777777/

50% /77 2%

v/ [ 7/
[ 7 7 & 7 7 [ /
(77 7 L7 [/

>
@
=
O

Persistence
60
9 o.o
= o0
%40 I ®e
> o
@
= % Eo; )
220 ® ot
o .
(@] é ®
o=

035
530
225
S20
§15
=10

4 Data~e~ Theory —

P7 P23 P56 P90 P365

Basal
Suprabasal

50 100 150 200 250 300 350 400

Time (days)

Fold change

0.5
0.25

m

o Cumulative prob.

@ Persistence
©Size
©Labelled cell fraction

1 Data e Theory—

P23 P56 P90 P365

P2 long-term

P7 ®
P23 e

P90
P365

0 10 20 30 4'0 50 60 70 80
Basal cell number

; Datae Theory —

01 2 3 4 5 6 7
Rescaled Basal cell number

]
0 Data~s~ Theory —
0.25f {
>
= 02
K
-§O.15
R
0.05f I I

012345867809
Number of divisions

n .
z 2 week chase
£ 254
> Soxk
2 204 °
2 . .
£
5 154 o
K
S 10
g
o 54
£
£
& ol T 4
g INF INF
Top Bottom

Figure 2. Long-term cell fate decisions in the adult INF follow neutral drift dynamics. (a) Schematic representation of tissue collection at different timepoints in
adult homeostasis. (b) Representative images of RFP and YFP clone detection in the INF (follicle outlined with dotted lines) at different time points in rendered
confocal z-stacks, basal cells (ITG6A+) in gray. (c) Quantification of clone composition (number of basal and suprabasal cells per clone) and frequency at

different developmental time points. (d) Number of basal cells per clone at different developmental time points. (e) Persistence of clones over time. Labeled cell
fraction, clone size, and persistence at different developmental time points are shown. (f) Dotted line indicates the predicted labeled cell fraction in the case of
neutral drift dynamics based on an equipotent progenitor model at the indicated time points relative to P23. (g) Experimental basal clone size distributions (dots,
same as dataset in c—e) versus theoretical distribution generated in a biophysical analysis based on an effective model with a single equipotent progenitor pool
at all time points. (h) Strategy for cell cycle analyses using Col1al-tetO-H2B-mCherry mouse model. (i) Representative images used for H2B-mCherry detection
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accompanied by a decrease in the number of clones detected
per INF (defined as clone persistence) (Figure 2e). This sug-
gests that, similar to IFE and SG (Andersen et al, 2019;
Dekoninck et al, 2020; Mascré et al, 2012), cells in the basal
layer continuously compete with their neighbors. Notably,
the labeled cell fraction, that is, the number of label cells per
unit area (number of clones x size of clones), remained
largely constant over the course of the study, indicating that
the clonally labeled population was representative of the
tissue (Figure 2f). Importantly, at all time points in adult INF,
the clones collapsed well onto an exponential-like size dis-
tribution (Figure 2g), demonstrating that the Lrig1 promoter
marks a population of INF cells that compete neutrally for
long-term and compartment-wide INF maintenance. Only a
small fraction of the clones (<5%) occupied the majority of
INF, even at the longest time point (postnatal day 365)
(Figure 2d and g).

Before attempting to model the pattern of cell fate de-
cisions in homeostasis, we wished to limit the number of free
parameters by independently measuring the basal cell divi-
sion rate during homeostasis once again on the basis of the
fluorescence decay of doxycycline-inducible H2B-mCherry.
The decay in H2B-mCherry expression showed that the cells
divided on average once every 2.9 days (Figure 2h—j). Next,
we tested whether the most parsimonious model, involving
equipotent progenitors choosing stochastically between
symmetric cell division (expelling one of their nearest
neighbors to the differentiated suprabasal layer) and intrin-
sically asymmetric division (leading to 1 basal cell and 1
suprabasal cell) with nearly equal probability (Figure 2k),
could explain both clonal and H2B-mCherry dilution data-
sets with the same division rate. We found that the model
provided a good quantitative prediction of the distribution of
the number of cell divisions over the 2-week chase period in
the H2B-mCherry model (H2B-mCherry dilution) (Figure 2k)
as well as for the temporal evolution of mean basal and
suprabasal clone sizes and clone size distributions (Figure 21
and m and Supplementary Figure S2a—d and a’—d’).

In conclusion, these results suggest that the maintenance of
INF parallels that of IFE and SG, with a single population of
equipotent basal progenitors that maintain tissue through a
process of stochastic fate choices (Andersen et al, 2019;
Dekoninck et al, 2020; Mascré et al, 2012).

Niche-specific stem cell behaviors in the adult INF (top vs
bottom)

Despite the success of the model in recapitulating clone
dynamics, we considered whether the innate temporal and
morphological heterogeneity of INF could impact finer
scales. In particular, INF is subject to potential influences

<

MS Andersen et al.
Spatiotemporal Switches in Cell Fate During Homeostasis

from hair growth and the follicular cycle (Miller-Réver et al,
2001). Indeed, when looking closely at our H2B-mCherry
pulse/chase experiments, we found that after a 2-week
chase, basal progenitors located at the bottom of the INF
displayed significantly lower nuclear fluorescence intensity
of H2B-mCherry than their counterparts in the upper INF
(Figure 2n). Importantly, although we started the chase at
postnatal day 56, when the follicle was in telogen, during the
course of the 2-week chase period, the follicles progressed to
anagen. These results imply that cells at the bottom of the INF
undergo more rounds of cell division, thereby diluting the
H2B-mCherry signal faster than progenitors located at the top
of the INF.

At first sight, such behavior is at odds with our minimal
modeling analysis that suggested that all cells along the INF
axis behaved in a similar manner. To further address whether
the hair cycle affects cell behavior within the INF and chal-
lenge our assumption of equipotent progenitors along its
length, we performed 5-ethynyl-2’-deoxyuridine (EdU) pulse-
chase experiments, labeling replicating cells in adult mice
that displayed synchronous and asynchronous hair growth in
the anagen and telogen follicles (Figure 3a). This analysis
allowed us to identify the differences in the number of
replicating cells between those located at the top and bottom
of the INF. In the anagen phase, we observed an approxi-
mately 2-fold increase in the number of EdU-positive cells in
the INF compared with that in the telogen phase
(Figure 3b—d and Supplementary Figure S3a and b). More-
over, although replicating cells were distributed evenly
throughout the INF in the telogen phase, we observed that the
increase in EdU-positive cells during the anagen phase was
predominantly located in the lower half of the INF
(Figure 3d). The increase in replicating cells was mirrored by
a transient increase in the size of INF during the anagen
phase (Figure 3e and Supplementary Figure S3c and d). In
addition, there was a transient increase in basal cell number
and density when comparing the total number of ITGA6+
basal cells at the top and bottom of the INF, specifically
during the short window of time that the HF was in the
anagen phase (Figure 3f—i). In this study, the increased size of
the INF led to a lower cell density in the upper part of the INF,
owing to a constant number of basal cells (Figure 3h and i). In
line with these observations, we found that although clones
induced at postnatal day 7 were largely isotropic 5 days after
labeling, they became anisotropic as they underwent multi-
ple cycles of HF growth (Supplementary Figure S3f and g).
The relationship between short-time-scale dynamics and
compartment size, cellular density, and spatial changes in the
fraction of proliferating cells indicated that INF maintenance
was governed by previously unappreciated, flexible, and

for cell cycle analyses. (j—m) Experimentally determined distribution of cell divisions within a 2-week period (dots with SEM) compared with a theoretical model
best fitted cell cycle time of 2.9 days (black line). (k) Schematic representation and (j, I, m) predictions of our biophysical modeling of INF homeostatic turnover.
Basal cells are simulated on a 13 x 10 cylindrical grid and can either symmetrically divide (expelling one of their nearest neighbors to the suprabasal layer) or
asymmetrically divide into 1 basal and 1 suprabasal cell. (j) The H2B-mCherry dilution data, (I) temporal evolution of mean clone size (basal in red, suprabasal
in blue), and (m) basal clone size distribution from P7 to P365 can be fitted well by a model of equipotent stochastic progenitors dividing on average every 2.9
days and with near equal probability of symmetric and asymmetric divisions (Materials and Methods provides the details). Lines represent the prediction from
the theoretical model, whereas dots represent (j) experimental data obtained from H2B-mCherry nuclear fluorescence intensity and (I, m) clone analyses and
quantification at different time points. H2B-mCherry nuclear fluorescence intensity in cells of the INF in different locations along the compartment axis. (n) Cells
in the INF located closer to the IFE are referred to as top cells, cells located at the base of the INF closer to the SG and -isthmus are referred to as bottom cells.
Bars = 50 pm. IFE, interfollicular epidermis; INF, infundibulum; P23, postnatal day 23; P7, postnatal day 7; P365, postnatal day 365; SG, sebaceous gland.
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Figure 3. Transient spatiotemporal cellular dynamics in the INF anagen growth and telogen rest phases. (a) Schematic representation of experiments designed
to label replicating cells to determine replication rate in anagen vs telogen follicles. Representative confocal images of follicles (outlined with dotted white line)
used for EdU (green) detection in (b) anagen and (c) telogen. (d) Quantification of EdU-positive cells along the length of the INF at different time points
during anagen and telogen. (e) Quantification of length and width of the INF in anagen and telogen follicles. (f, g) Representative 3D reconstruction rendered
confocal images of basal cells (ITGA6+) in the top and bottom parts of the INF in anagen and telogen. (h) Quantification of number of basal cells in top and
bottom of INF in anagen and telogen. (i) Quantification of basal cell density of images shown in f and g. Bars = 50 pm and 10 pm for the insert in f.

3D, 3-dimensional; EdU, 5-ethynyl-2’-deoxyuridine; INF, infundibulum; ns, not significant.

location-specific cellular behaviors that were influenced by
the transition between anagen- and telogen-specific states.
Next, we investigated how to integrate these findings with
our lineage-tracing experiments, suggesting global equi-
potency. To assess whether cell behavior in the homeostatic
epithelium (after postnatal day 21) is characterized by an
equal contribution from cells at the top and bottom of the
INF, we took advantage of the restriction of Lrigl expression
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to the bottom of the INF in fully formed HFs (Supplementary
Figure S4a). Specifically, to trace the contribution of cells in
this region to the long-term maintenance of tissues, we per-
formed high-density labeling using the Lrig1::eGFP-IRES-
CreER™; Rosa-Isl-Confetti mouse model (Figure 4a—e and
Supplementary Figure S4b—e). On the basis of our statistical
model of cell fate decisions from homeostasis (Figure 2k), we
could predict with high accuracy the volume and persistence
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Figure 4. In the long term, cells located at the bottom of the INF do not outcompete their counterparts at the top of the INF. (a) Schematic representation of
high-density labeling of the “bottom” population of cells in the INF. (b, c) Representative 3D reconstructions of resulting “patches” of labeled cells at P28
and P156. (d) Schematic representation of clone volume quantification versus total infundibulum volume. (e) The results of the analyses. (f) Predictions from our
theoretical model described in Figure 2, changing only the initial condition for labeling at P21, provides a good prediction of labeled cell “patch” volume
in the INF (black line); experimental data for RFP and YFP INF-labeled cell volume are displayed as red and yellow dots. Shown are labeled cell fraction, clone
size, and persistence at different time points after labeling initiation for RFP and YFP clones. (g) Dotted line indicates the predicted constant labeled cell
fraction for representative labeling of a progenitor population, at the indicated time points relative to those 7 days after labeling. Bars = 50 pm. 3D, 3-
dimensional; INF, infundibulum; P156, postnatal day 156; P21, postnatal day 21; P28, postnatal day 28.

of the resulting “patches” of labeled cells (Figure 4g and
Supplementary Figure S4f). Interestingly, we found that the
fraction of labeled cells remained constant over a 5-month
time course (Figure 4g). This indicated that although cells at
the bottom of the INF showed a transient phase of elevated
proliferation during anagen, this did not lead to an acceler-
ated and preferential replacement of cells at the top of the
INF during the tracing period. Moreover, this conclusion was
reinforced by the analysis of an extended model that
considered proliferation gradients along the top—bottom axis
of the INF. These results showed that the overall predictions
of the clonal dynamics over the long term were only mildly
altered by transient changes in proliferation, a result that
could be rationalized on the basis of the local nature of
competition between basal cells and their nearest neighbors
(Materials and Methods and Supplementary Figure S4g and h
provide the details).

Spatiotemporal tissue dynamics define the adult INF (anagen

vs telogen)

To further elucidate the impact of HF growth induction on
cellular behavior within the INF, we stimulated the transi-
tion from HF to anagen using local depilation. We then

initiated clonal labeling and assessed clonal growth
(Figure 5a—e). Importantly, depilation-induced anagen
recapitulated the same changes in the size and basal cell
density of INF as those observed in the natural anagen
phase. This was evident as early as 2 days after depilation
(Figure 5d—g and Supplementary Figure S5a—j). Impor-
tantly, nondepilated areas remained in the telogen stage
(Figure 5f and g and Supplementary Figure S5d and f).
Furthermore, analysis of the clonal data revealed an in-
crease in the basal cell fraction of clones in induced
anagen follicles, especially those located at the bottom of
the INF (Figure 5h—j), whereas the suprabasal fraction
remained unchanged between telogen and anagen follicles
(Figure 5k). This suggests that the anagen phase is not only
characterized by a transient increase in the number of
proliferating cells, as evidenced by our EAU experiments,
but also by a transient shift in cell fate toward the pro-
duction of basal cells. This was supported by statistical
modeling of the lineage-tracing dataset, which showed a
15% increase in the probability of producing progenitor/
basal cells from cells located at the bottom of the INF
compared with that from nonwaxed telogen controls
(Supplementary Figure S5k and I).
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Figure 5. Anagen promotes a transient cell fate shift in the bottom of the INF. (a) Lrig7-eGFP expression in a telogen follicle of a P49 mouse, ITGA6 (gray),
and LrigTeGFP expression in green. (b) Outline of strategy for labeling of cells and anagen induction. Shown is photo of shaved mice 11 days after waxing. (c)
Waxed areas are darker owing to the activity of melanocytes during anagen, whereas surrounding nonwaxed areas remain in telogen and are lighter in color;
depilated areas are outlined with magenta dotted line. (d) Representative confocal image of follicles in waxed areas appear to be in anagen, (e) whereas
nonwaxed areas remain in telogen. (f, g) Quantification of INF tissue size and basal cell density respectfully in anagen versus telogen HF. (h, i) Representative
confocal images of clones in induced anagen or telogen follicles. (j, k) Quantification of basal and suprabasal cell number, respectively, in clones at the top or
bottom of INF in induced anagen or telogen follicles. (I) Isotropy measurement of clones in INF from iAnagen and telogen follicles in waxed mice as

well as measurements from an unwaxed control mouse in telogen. Bars = 100 pm. INF, infundibulum; P49, postnatal day 49.
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This temporary imbalance between the behavior of the
cells at the top and bottom of the INF was further reflected in
the isotropy of the clones. In telogen follicles, clones were
isotropic, whereas in anagen follicles, clones were aniso-
tropic, displaying a preference for growth directionality
(Figure 51 and Supplementary Figure S5m). Collectively, these
data demonstrate the dynamic cellular behavior within the
INF as it passes through its natural cycles of growth and rest.

DISCUSSION

In this study, we showed that INF are formed by a pool of
equipotent basal progenitors that undergo a temporally
conserved pattern of stochastic cell fate. By postnatal day 23,
when the INF reaches its full size, it switches to a homeostatic
replenishment program, where local cell competition be-
tween neighboring basal progenitors results in a pattern of
balanced stochastic fate within the confines of the INF niche.
Surprisingly, we found that INF underwent substantial and
transient remodeling during each cycle of hair growth.
Investigating this further, we found that even though basal
progenitors in the INF show long-term equipotency, the basal
cells at the bottom of the INF display a transient increase in
proliferative activity and a temporal fate shift that allows
them to produce more basal cells than their counterparts at
the top of the INF. However, when the follicle returned to
telogen, no difference was observed in the number of pro-
liferative cells or the proportion of basal cells produced, on
average, between progenitors at the top and those at the
bottom of the INF. Thus, the proliferative advantage of the
cells at the bottom of the INF layer was transient. This illus-
trates that even though a tissue can be represented by an
equipotent progenitor model over extended periods of time,
where cells undergo stochastic loss and replacement, they
can exhibit a temporal imbalance in cell fate choices if this
advantage is followed by compensatory cell loss. Interest-
ingly, cells of the IFE surrounding HFs have been shown to
exhibit similar behavior during active hair cycling (Roy et al,
2016).

Notably, we assessed INF cellular dynamics through an
Lrig1CreER clonal assay, but we systematically observed that
the clones were representative of the behavior of the overall
tissue. This was exemplified by a nearly 6-fold expansion
between postnatal day 2 and postnatal day 7 (Figure 1c),
followed by a nearly constant labeled cell fraction both after
postnatal day 7 in the postnatal day 2 tracing and the post-
natal day 21 tracing, as expected during homeostasis. Thus,
although we cannot exclude the possibility that this quanti-
tative lineage-tracing assay misses small subpopulations of
stem cells and/or committed progenitors, the close match
between clonal and tissue behavior suggests that the putative
contributions from other cellular populations would need to
be small (Mascré et al, 2012; Sanchez-Danés et al, 2016).
Similarly, we only modeled proliferative basal and non-
proliferative suprabasal cells, assuming instantaneous transfer
between the different layers upon differentiation. Although
intermediary steps and/or cellular states could be added in
this model, such as transitional cells in the basal layer
(Cockburn et al, 2022; Wang et al, 2020), this would not
change the long-term dynamics of the size distribution that
we studied.
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Prior qualitative studies have revealed that Lrigl-
expressing cells located within the junctional zone support
INF maintenance (Andersen et al, 2019; Page et al, 2013;
Veniaminova et al, 2013). Notably, in qualitative fate-
mapping studies, it is only possible to draw conclusions on
the behavior of labeled cells. The quantitative analysis per-
formed in this study clearly demonstrates that cells irre-
spective of their location in the INF have the capacity to
contribute long term to its maintenance. Thus, Lrigl-
expressing cells located in the junctional zone, although
show transient changes in their proliferative features during
the hair cycle, are no longer likely to contribute to INF
maintenance compared with cells located at the top of the
INF. It will be interesting to address whether cells in the upper
INF upon injury would be similar to Lrig7-expressing cells in
the junctional zone and display a greater contribution to
tissue regeneration (Aragona et al, 2017).

With the establishment of cell behavior in the INF, all
major parts of the epidermis (IFE, SG, INF, and HF proper)
have been traced using quantitative fate mapping in combi-
nation with mathematical modeling (Andersen et al, 2019;
Clayton et al, 2007; Dekoninck et al, 2020; Roy et al, 2016;
Mascré et al, 2012; Sada et al, 2016). Similar to other organs,
the major mode of cell replenishment across all tissue com-
ponents in the epidermis can be explained within the
framework of an equipotent progenitor model, with quies-
cent stem cells playing only a minor role in the day-to-day
maintenance of tissues, at least in mice (Andersen et al,
2019; Dekoninck et al, 2020; Klein and Simons, 2011;
Piedrafita et al, 2020). Interestingly, temporal activation of
stem cells in the HF bulge leads to their involvement in every
hair cycle. However, it does remain unclear how the growth
of the HFs can influence the remaining part of the epidermis.
Such effects could involve changes in the biophysical prop-
erties of the tissue and the availability of GFs/cytokines. Our
study revealed a previously unappreciated and finely tuned
regulation of the INF niche as the HF goes through its natural
cycle of growth and rest. It will be interesting to study in the
future what local signals in the microenviroment facilitate
these temporary transitions and how they are regulated.

MATERIALS AND METHODS

Mice

This study utilized the mouse models Lrig1::eGFPiresCreER'™ (Page
et al, 2013) and Rosa26-Isl-Confetti (Snippert et al, 2010). R26-
TTA/TTA:Col1al-tetO-H2B-mCherry mice were purchased from
JAX (stock number 014602) (Beard et al, 2006). The C57BL/6) mice
used for the EdU pulse-chase experiments were purchased from
Taconic. Mouse colonies were housed in specific pathogen-free
animal facilities with a 12-hour light—dark cycle and ad libitum
access to food and water. The Animal Experiments Inspectorate of
Denmark reviewed and approved all animal procedures (permit
numbers 2017-15-0201-01381 and 2023-15-0201-01378). Female
and male mice were used for all experiments with an equal animal
sex ratio in the majority of the analysis.

Lineage-tracing experiments

For clonal induction, Lrig7CreERT2—R26Confetti mice were treated
topically with a single application 100 pl of 4-hydroxy tamoxifen
dissolved in acetone (99%, Sigma-Aldrich). The solution was spread
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evenly on an approximately 2-cm” area of the back skin closest to
the tail of the mice at postnatal day 2. When applied to the adult
mice, the area was first shaved before the solution was used. For the
high-dose experiments in adults, a single dose of IP 4OHT-tamoxifen
dissolved in 100% ethanol and resuspended in an oil solution with
addition of PBS was administered.

Cell proliferation

To measure the number of replicating cells at given time point, we
administered an intraperitoneal injection of EdU (Thermo Fisher
scientific), 8.3 pg/gram of weight of the mouse, dissolved in saline.
EdU was then detected using the Click-IT Alexa-Fluor 647 Imaging
Kit (Thermo Fisher Scientific) in thick frozen sections that received
an hour-long paraformaldehyde fixation prior to freezing on opti-
mum cutting temperature. To measure the cell proliferation kinetics,
we used H2B-mCherry mice. To induce maximum labeling, the
mice were kept on 2 g/kg doxycycline food pellets (Ssniff-Special-
diaten GmbH) for 2 weeks prior to the initiation of the experiment.

Immunohistochemistry

For frozen sections, the back skin collected from mice was fixed in
4% paraformaldehyde for an hour at room temperature and then
embedded in the optimum cutting temperature compound (Cell
Path). Paraffin-embedded back skin tissue was fixed in para-
formaldehyde at 4 °C overnight before transferring the tissue in 70%
ethanol for further processing and embedding in wax. For analyses of
basal/suprabasal composition of clones, tissue frozen in optimum
cutting temperature was cut on a cryostat into 70—90 um sections
(Leica Microsystems CM3050S). These sections were then incubated
for 1 hour in 0.5% BSA, 0.5% fish skin gelatin, and 0.1% Triton X/
100 in PBS and then incubated overnight in the same solution with
the relevant antibodies. Sections were washed at minimum of 3
times in PBS containing 0.05% Triton x-100 before another over-
night incubation with the relevant secondary antibodies and DAPI.
The sections were then washed again and spread onto slides for
imaging in a Mowiol solution.

Paraffin embedded section (3—4 pum) were stained after rehydra-
tion and antigen retrieval in citric acid (pH 6.0) under pressure.
Sections were blocked for an hour in blocking buffer, followed by
incubation for 1 hour at room temperature or overnight at 4 °C with
primary antibodies. The sections were then washed with 0.05%
Triton x-100 in PBS at 3 x 10 minutes and incubated with secondary
antibodies for 45—60 minutes using DAPI. Finally, the sections were
washed and mounted with Mowiol.

Three-dimensional imaging was performed using a laser-scanning
confocal microscope (Leica TSC SP8). Images were analyzed after
the 3-dimensional reconstruction of z-stacks using IMARIS and Fiji
software.

Statistics and reproducibility
The number of biological and technical replicates is indicated in the
figure legends and main text. Details on the biophysical modeling of
INF and the statistical tests used to study the cellular dynamics of INF
at different stages of development and growth are provided earlier.
The sample size was not predetermined in this study. No
randomization or blinding was performed to analyze the experi-
mental data. For all the experiments, the error bars represent the SEM
or SD. Mann—Whitney nonparametric tests were used to assess the
significance of the variations in the datasets.
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Theoretical note

To analyze the patterns of cell fate decision making during neonatal
growth and homeostasis, we sought to define the simplest model that
was compatible with the results of lineage tracing and morphometric
analysis data. On the basis of the stratified architecture of the INF,
we chose, as a minimal model, one in which the basal cell layer
comprises a single equipotent pool of progenitors P, which divide
and differentiate, giving rise to nonproliferative suprabasal cells, D.
With a constant division at rate Ap, we considered 3 possible fate
outcomes:

P+ Patrater+A
P—d{ P+ Datrate1 —2r
D+ Datrater — A

where the parameter r fixes the relative frequency of symmetric to
asymmetric fate, and the parameter A determines the degree of cell
fate bias toward symmetric duplication. At homeostasis, the degree
of imbalance A = 0 (to ensure that the number of basal progenitors
remains constant over time), whereas suprabasal cellular loss at
some constant rate ensures that the number of suprabasal cells re-
mains in steady state. In the context of development, the degree of
imbalance A must become nonzero to ensure that basal cells expand
in proportion to the area of the INF. Further details on the clonal
dynamics of this model can be found in previous studies (Andersen
etal, 2019; Dekoninck et al, 2020). However, a key prediction of the
stochastic model above is that within this framework, the basal clone
size distributions are predicted to converge toward a universal
exponential scaling form P(k) = e;k,/::, where < k > denotes the
average clone size at a given time point. At homeostasis, this average
is predicted to grow linearly over time at rate rA,, translating to the
effective rate of stem cell loss/replacement (Klein and Simons, 2011).
Notably, the stochastic cell fate model described our clonal dataset
well (Figure 2g) at all time points, providing the first qualitative test
of the theory. Another important qualitative control was to check
whether the labeled cell fraction at homeostasis (defined by the
product of clonal persistence and average surviving clone size) was
constant over time (Figure 2f). This suggests that the population
traced by Lrig1CreER is homeostatic and thus representative of the
overall tissue.

Quantitatively, before turning to homeostasis, we first examined
the postnatal day 2 lineage-tracing dataset to understand infundib-
ular growth. Given that we are examining a rather small-time win-
dow (postnatal day 2 to postnatal day 7), we reasoned that we could
strongly constrain the different parameters (r,A, 4,) on the basis of
the joint fitting of the basal and suprabasal clone size distribution at
postnatal day 7 and use the H2B-mCherry dilution experiments as a
test of the fit. We followed an approach similar to that of Andersen
et al (2019), to which we refer for further details. In short, we used a
method of least-squares fitting on the distributions P(np) and P(np)
for the basal and suprabasal clone sizes, respectively, and minimized
the residuals with respect to (r, A, 4,). We identified the best-fit
parameter set, which was unique (fitting both distributions well, as
depicted in Figure Ti) and used a bootstrapping method (Monte
Carlo algorithm for case resampling) to estimate the confidence in-
tervals of these parameters in a nonparametric manner. We reported
the 95% confidence intervals in the main text and figures. These
results were consistent with a strong bias toward symmetric cell
duplication, with a division rate of approximately once per day

(Figure 1j). This estimate was consistent with the results of the H2B-




mCherry dilution assay (Figure Tm). Moreover, this rapid rate of cell
division, with nearly 60% of divisions resulting in a symmetric fate
outcome, was also consistent with the rapid 6-fold increase in
overall compartment size observed between postnatal day 2 and
postnatal day 7 (Figure 1c), suggesting that the dynamics of the
LRIG1 population, which we traced at postnatal day 2, are repre-
sentative of the morphogenesis of the tissue as a whole. We followed
a similar procedure to fit the short-term postnatal day 49 + 9-day
datasets in unwaxed and waxed samples, which was consistent
with an enhanced imbalance toward symmetric renewal in waxed
samples (Supplementary Figure S4k and | provides the details).

To quantitatively investigate the long-term tracing datasets (post-
natal days 2—365), we used a spatial implementation of the model
described earlier, in which stochastic cell duplication is precisely
compensated for by the differentiation and stratification of a
neighbor into the suprabasal cell layer. Such refinement was
necessary as the maximal clone sizes at postnatal day 365
approached the overall size of the INF (Figures 1c and 2¢), at which
point the statistical scaling behavior of clone sizes was predicted to
break down, and the 2-dimensional spatial structure of the basal
layer created a small logarithmic correction for the average clone
size dependence (Klein and Simons, 2011), which can be relevant
for long-term tracking. To develop this program, the INF was defined
as a 2-dimensional cylindrical grid of 10 x 13 basal cells at postnatal
day 7.

To seed the initial distribution of clones on the grid at postnatal
day 7, we first numerically simulated the nonspatial model between
postnatal day 2 and postnatal day 7 and mapped the resulting sto-
chastic clone sizes onto the grid. We also smoothly interpolated
between the division rate 4, fitted from postnatal day 2 to postnatal
day 7 to the homeostatic division rate /12 that was fitted indepen-
dently, as defined below, taking a timescale of 2 weeks for neonatal
growth (Andersen et al, 2019). From postnatal day 21 onward (after
which the overall INF size remained constant), each basal cell di-
vision (at rate /\g) results either in a symmetric division, that is, the
replacement of 1 of the 4 neighbors P— P + P at rate r/“kf7 (note that
in the top-most and bottom-most row, cells have only 3 neighbors),
or in a intrinsically asymmetric division, that is, a suprabasal cell is
produced without changing the basal grid configuration, P— P+ D
at rate (1 — r)lg. Note that in this incarnation of the model, sym-
metric differentiation P— D+ D occurs implicitly when both
daughters are expelled by one of their neighbors. It should be noted
that asymmetric divisions can occur even when r = 1.

To quantitatively compare the full experimental H2B-mCherry
distribution with the model, we simulated the H2B-mCherry assay
by counting the number of divisions of each basal cell from post-
natal day 63 to postnatal day 77 and plotted the resulting distribu-
tions over 10° repeats of the simulations (Supplementary Figure S2).
We started by asking whether we could capture the data without
invoking the existence of intrinsically asymmetric divisions (r =
1), in which case the only free parameter would be the cell division
2. Although we could fit the data well, this predicted a value of
/12 around 1 division every 6 days, inconsistent with the results of
the H2B data at postnatal day 56 (Figure 2h—j), which suggested
that most cells had divided 4 times over the course of 2 weeks.
However, by increasing the rate of intrinsically asymmetric di-
visions, we could find the rate at which both datasets were fit: the
increase in average clone size is only sensitive to the rate of sym-
metric divisions r/lg, whereas the H2B-mCherry dataset is sensitive

rate A
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to the division rate /12. Thus, by decreasing r, we could find larger
best-fit values of 12, which could also fit the H2B-mCherry dataset.
Conversely, if r was too small, we then had to have extremely fast
division rates /12, which overestimated the number of divisions in
the H2B-mCherry dataset (Supplementary Figure S2c provide details
for sensitivity analysis). More quantitatively, we performed, as
described earlier, a bootstrapping method to estimate best-fit values
and confidence intervals, by jointly fitting the average basal clone
size in time and H2B-mCherry datasets (taking into account the
variance in each time point/ probability of each number of di-
visions). To adequately weigh both datasets (which have very
different units: one in terms of basal cell number and the other in
terms of density distribution), we weighted all quantities by their
experimental average when calculating the total residuals between
the model and data. We found that with r = 0.42 (confidence
interval = 0.2—0.65) and Xg = 0.22d7" (confidence interval =
0.2—0.25 d7 ) (ie, 1 division every 3 days), we could obtain a good
joint fit of the dataset (Figure 2k—m and Supplementary Figure S2c).

Importantly, because we found experimental evidence for differ-
ences in the proliferation rate between top and bottom cells in the
INF, we also checked the sensitivity of our results to the introduction
of spatial gradients of /\2 in the simulations. Importantly, even strong
gradients (50% differences between top and bottom proliferation)
did not yield significantly different predictions (Supplementary
Figure S4g and h), which is due to the fact that cells only compete
with their immediate neighbors (with similar proliferation rates).

With this fully parameterized model, we could also make pre-
dictions on tracings from different time points, such as postnatal day
21 induction (Figure 4). In this case, we ran the same simulations but
for the initial conditions, which were taken to mimic the initial
labeled cell fraction of 15% (Figure 4f). Given the nonclonal nature
of the assay, we emphasized the percentage of INF labeled by either
RFP or YFP clones, which increased in time owing to neutral drift in
a similar manner in both the model and experiments (Figure 4d—f).
We also report the persistence of tracing (ie, whether a given INF has
labeled cells of a given color) (Supplementary Figure S4). Notably,
this experiment also showed that the labeled fraction was still
roughly constant within the 5-month tracing period (Figure 4g),
which is important as it argues in favor of the equipotency of pro-
genitors and that LRIG1 labels the INF in a representative manner at
homeostasis.
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Supplementary Figure S1. Changes in volume and number of proliferating cells in the INF in morphogenesis versus homeostasis. (a) Representative images of
rendered confocal images showing HF during morphogenesis and homeostasis stained for K14 (green) and SCD1 (red) and the strategy for the measurements of
the INF volume (white brackets). (b) Measurements of INF volume at different developmental time points. (c) Representative images of rendered confocal images
of EdU-positive cells during INF morphogenesis (P10, induction of EdU labeling; P12, time point of analyses) and homeostasis (P21, induction of EdU labeling;
P23, time point of analyses). Shown is a quantification of the number of EdU-positive cell per INF (images described in ¢) during morphogenesis (P10/P12) and
homeostasis (P21/P23). (d) Mice were analyzed 2 days after EdU administration. Bars = 50 um. EdU, 5-ethynyl-2’-deoxyuridine; HF, hair follicle; INF,
infundibulum; K14, keratin 14; P10, postnatal day 10; P12, postnatal day 12; P21, postnatal day 21; P23, postnatal day 23.

www.jidonline.org 2202.e1


http://www.jidonline.org

2202.e2

MS Andersen et al.
Spatiotemporal Switches in Cell Fate During Homeostasis

a
0% asymmetric divisions 33% asymmetric divisions 50% asymmetric divisions 75% asymmetric divisions
Data~=— Theory — Data-=— Theory — Data~=+ Theory — Data~= Theory —
0.3 — 3 ————m—————————— 0.3 e 0.3 —
0.25¢ } 0.25} { 0.25 } 0.25¢ {
Z 0.2} } I 0.2} 0.2}t 0.2} {
]
.80.15- 0.15 0.15 0.15}
& 01 { 0.1 0.1 0.1} {
0.05 I 0.05} 0.05} i I 0.05} I ) I
Of———— 0 — v 0 0 e
012 3 456 7809 0123 45867829 0123456 7 8 9 0123 456 7 809
H2B fold dilution H2B fold dilution H2B fold dilution H2B fold dilution
a! b, c’ d,
Data Theory — Data Theory — Data Theory — Data Theory —
40 - ik 40 — .-H T .ry. T 40, — .*. r ry r 40 — .H-.. T ryl T
35| Basal 35} Basal 35} Basal 35} Basal
% 30 Suprabasal 30 Suprabasal . Suprabasal 0l Suprabasal
8 25 25 25| 25
% 20 20 20| 20
< 15 15 15| 15
5}
S 10 10 10 12
5LZ 5LF = 52 5L
ol— N N N N N L 0 1 N L s L ' L 0 | i g i i i N 0 L " N L N N .
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Time (days)

Time (days)

Time (days)

Time (days)

Supplementary Figure S2. Sensitivity analysis for cell cycle length and clone size and composition in INF homeostasis. (a—d) Sensitivity analysis of the model
prediction for the H2B-mCherry dilution assay (top row) as well as (@’—d’) basal (red) and suprabasal (blue) mean clone size over time (bottom row)
under the same conditions as top row. Lines and dots represent theory and experiments, respectively. For increasing amounts of asymmetric divisions, fitting
correctly the evolution of the mean clone size requires smaller and smaller division rates. For intermediates number of asymmetric divisions (50%),
we can achieve a good joint fit of both experimental measurements. INF, infundibulum.
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Supplementary Figure S3. Transient changes in INF cellular behavior in anagen and telogen follicles. Shown is a photograph of mice aged 1 year with

asynchronous HF cycles in back skin. (a) Anagen areas appear darker (outlined with red line); telogen area is outlined in green. (b) Representative images for
EdU (green) detection in anagen and telogen follicles counterstained with DAPI. (c, d) Measurements of INF length and width in anagen and telogen at P367
using the approach described in a schematic representation. Shown is a representative confocal image depicting a spanning RFP (red) clone. (e) Punctate lines
outline the INF and the boundary between top and bottom subcompartments, whereas the bottom panel depicts the strategy for measuring clone isotropy. (f)
Isotropy measurements of clones from top and bottom of the INF at P7. (g) Isotropy measurements of clones from top and bottom of the INF from P56, P90, and
P365. Bars = 50 um. EdU, 5-ethynyl-2’-deoxyuridine; HF, hair follicle; IFE, interfollicular epidermis; INF, infundibulum; P365, postnatal day 365; P367,

postnatal day 367; P56, postnatal day 56; P7, postnatal day 7; P90, postnatal day 90.
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Supplementary Figure S4. Progenitor cells in the INF bottom do not outcompete progenitor cells at the top of the INF. (a) Representative image of LrigT-eGFP
expression pattern in a P21 follicle outlined with white dashed line. Bar = 50 um. Representative confocal images of HFs (INF outlined in dotted line) with YFP/
RFP-labeled cell “patches” (b) 7 days after labeling, (c) 3 weeks after labeling, and (d) 5 months after labeling. Bars = 100 pm. Described is the persistence of
RFP- and YFP-labeled cells in the INF over time. (e) Lines indicate mean. (f) Prediction of persistence (normalized to day 7) with the same theoretical model as
described in Figure 2, based on equipotency of progenitors along the INF axis (black line), provides a good fit for the observed experimental data for YFPand RFP
clones (red and yellow dots). (g) Schematic representation of strategy employed for the modeling of division rate gradient along the INF axis. Shown is the effect
of introducing a gradient in division rate along the top—down axis of the INF in the biophysical simulation. Average division rate is maintained constant,

whereas the slope of the linear gradients is modified (15, 33, and 50% predictions shown in green, blue, and black, respectively [solid line for cells at the bottom
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