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Summary

Organ formation requires coordinating signals to time proliferation, specify cell fates, and shape
tissue. Tracing these events and signals remains a challenge, as intermediate states across many
critical transitions are unresolvable over real time and space. Here, we designed a unique
computational approach to decompose a non-linear differentiation process into key components
to resolve the signals and cell behaviors that drive a rapid transition, using the hair follicle dermal
condensate as a model. Combining scRNA-sequencing with genetic perturbation, we reveal

that proliferative DkkZ+ progenitors transiently amplify to become quiescent dermal condensate
cells by the mere spatiotemporal patterning of Wnt/B-catenin and SHH signaling gradients.
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Together, they deterministically coordinate a rapid transition from proliferation to quiescence,
cell fate specification, and morphogenesis. Moreover, genetically re-patterning these gradients
reproduces these events autonomously in “slow-motion” across more intermediates that resolve
the process. This analysis unravels two morphogen gradients that intersect to coordinate events of
organogenesis.
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Qu et. al. computationally decompose a dermal lineage trajectory to resolve two covarying
morphogen gradients that deterministically drive a fast transition to commitment during hair
follicle dermal niche genesis.
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Introduction

How cell fates are determined and segregate over time and space into organized tissue is

a fundamental question in development and regeneration. Decades of lineage tracing and
molecular profiling efforts have identified signals required for the differentiation of many
cell types. Still, recreating the events of organogenesis requires the ability to control the
timing, location and levels of different signals that coordinate a precise sequence of events
to form patterned tissue. Delineating these steps and the signals that regulate them has been
a major challenge, as intermediate states over many critical cell state transitions are difficult
to resolve over real space and time. Here, we used the hair follicle dermal condensate

(DC) as a model to demonstrate how a complex non-linear differentiation process can be
computationally decomposed into biologically meaningful components. We show how these
components can serve as molecular handles to resolve cell state transitions and the signals
responsible for them.

The hair follicle (HF) has been a tractable model to study epithelial-mesenchymal
interactions that regulate organogenesis, as its constituent populations are morphologically
well-defined and the stages of HF development are classic (Hardy, 1992; Millar, 2002;
Paus et al., 1999; Saxena et al., 2019; Xin et al., 2016). However, in contrast to the HF

Dev Cell. Author manuscript; available in PMC 2023 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quetal.

Page 3

epithelium, little is known about the signals and progenitors that give rise to the HF dermal
niche (dermal condensate, DC) (Figure 1A). The DC is a dense cluster of quiescent niche
cells that regulates HF epithelial placode growth and differentiation. It matures into the
dermal papilla, which serves as the permanent signaling center that controls the cyclical
regeneration of the HF throughout adulthood (Chi et al., 2013; Enshell-Seijffers et al., 2010;
Mesa et al., 2015). How this cluster of specialized cells forms and regenerates has been a
subject of close investigation, as it carries the coveted ability to induce new HF growth, and
it determines HF size (Chi et al., 2013; Horne and Jahoda, 1992). Nonetheless, there is no
distinguishable intermediate cell state prior to DC commitment that can be interrogated to
identify the signals and cell behaviors that regulate its formation. This has been the major
barrier to recreating DCs in adult skin or as hair-inductive “organoids”.

Different theories have been proposed to explain how DCs form, including placode-
mediated guidance cues, self-organizing mechanisms, as well as local cell proliferation
(Biggs et al., 2018; Gupta et al., 2019; Mok et al., 2019; Shyer et al., 2017; Wessells and
Roessner, 1965). However, these mechanisms are neither mutually exclusive nor do they
necessarily explain cell cycle exit, molecular differentiation, and cell fate patterning. A
fundamental problem is the lack of tools to distinguish functional heterogeneity between
cells prior to their commitment, which has limited most studies to examining events

only once cells are already committed. For instance, previous studies demonstrated that
committed quiescent cells condense to form a cluster (Biggs et al., 2018; Glover et al., 2017;
Mok et al., 2019). However, the observation that a pool of quiescent DC cells forms rapidly
raises the possibility that a latent selectively proliferative progenitor population exists to
generate this reservoir and has not been comprehensively examined. Recent work showed
that ablation of placode-secreted FGF20 resulted in a lack of histological or molecular
evidence of DCs. Still, as many dermal signals were affected and there was no recognizable
intermediate state to interrogate, its role in DC genesis remains unclear (Huh et al., 2013).
As many aspects of DC genesis, including cell cycle exit, differentiation and morphogenesis
are tightly coupled, attempts to resolve the signals that coordinate these complex events have
been intractable to conventional techniques.

We previously used scRNA-sequencing (SCRNA-seq) to measure and codify molecular
differences between apparently uniform dermal cells prior to DC morphogenesis (Gupta

et al., 2019). With this approach, we showed that dermal Wnt/p-catenin signaling is required
for DC competency. At the same time, wes recognized that DC genesis requires dermal

Whnt signaling and at least one placode signal, providing an experimental handle to study
how this process occurs. In this study, we sought an unbiased approach to address this
problem, considering that cells captured from a smoothly transitioning biological process
usually form a continuous trajectory in high-dimensional transcriptome space. Here, we used
diffusion maps, a traditional manifold-learning method, to study the inherent trajectory of
the DC differentiation process and to define its constituent components using SCRNA-seq
data (Coifman et al., 2005).

By combining this approach with systematic genetic perturbation, we demonstrate here
that a selectively proliferative population of Wnt-active (Dkk1+) cells proliferates over a
short timeframe early during morphogenesis to give rise to quiescent pre-DC cells. By
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decomposing the DC differentiation trajectory into key components, we unbiasedly identify
the placode signal that, together with dermal Wnt signaling, deterministically drives the
transition to DC commitment by stimulating the proliferation and molecular differentiation
of Dkk1+ progenitors, while accelerating Wnt signaling to levels that terminate this phase
with cell cycle arrest. By genetically repatterning these signals we reproduce these same
molecular and cellular events in “slow-motion” over more visible intermediate states that
follow a linear deterministic trajectory. These intermediates resolve how two gradient signals
intersect to couple molecular differentiation and morphogenesis to cell cycle exit.

A selectively proliferative population transitions over a short timeframe into quiescent DC

cells

To examine the events that occur over the pre-DC-to-DC transition, we analyzed scRNA-
seq data from E14.5 wildtype dermal cells and ordered cells according to their distance
from the terminal DC state in transcriptome space (Figure 1B). When benchmarking this
method against our previous analysis, we similarly identified a non-random proliferative
state that precedes quiescence and SoxZ2expression, suggesting that DCs expand from a
selectively proliferative population. We performed EdU nucleotide pulse-chase experiments
to determine the window of time when cells proliferate to generate committed DC cells.

By E13.75-E14.0, DCs were first identified as small Sox2+ dermal clusters, which expand
by incorporating new Sox2+ DC cells until approximately E15.5 (Figures 1A, 1C). EdU
was first given at E13.75, and the proportion of DC or upper dermal cells that were

EdU+ was quantified volumetrically after 1.5 hours (E13.75-E14.0), 14 hours (E14.5), or
38 hours (E15.5) (Figures 1D, S1A, S1C, S1D). Given that DC cells are quiescent, we
found only rare EQU+ DC cells after a 1.5-hour pulse of EdU. However by E14.5, there
was a significant increase in the number of EdU-traced DC cells that accounted for the
majority of cells incorporated into the expanding DC over that timeframe. Similarly, the
average number of EdU+ DC cells observed at E15.5 accounted for most of the increase in
DC cell number during the 38-hour chase period (Figures 1C-D, S1A, S1D). Notably, the
proportion of EdU+ DC cells incorporated over each interval chase period was significantly
higher than that of the upper dermis (Figure S1C), indicating that DC progenitors are
selectively proliferative. Interestingly, when we pulsed later at E14.5, only a low proportion
of DC cells were EdU+ at E15.5 or E16.5, indicating that most pre-DC cells were already
quiescent by E14.5 (Figures 1D, S1B-S1D). Collectively, these data show that a selectively
proliferative population of progenitors divides to generate quiescent pre-DC cells within a
short timeframe early during DC morphogenesis.

We next sought to identify the location of proliferative DC progenitors. EAU+ cells pulsed
at E13.75 most frequently traced to the outer layers of DCs at E14.5, suggesting that
proliferating DC progenitors transition from a region outside of the DC (Figure S1A). By
the DC pseudo-order, Dkk1, a transcriptional target of Wnt signaling, is upregulated within
the selectively proliferative population and downregulated in Sox2+ cells (Figures 1E, S1E).
RNA fluorescent in situ hybridization (FISH) showed that DkkZ+ cells were concentrated

in a region surrounding the DC (peri-DC; Figures 1F, S1F, S1H) and showed a higher rate
of proliferation than interfollicular upper dermal cells, corresponding to their expression of
the cell cycle regulator, CcnaZ2 (Figures 1F, S1E). A subset of DkkI+ cells located closer

Dev Cell. Author manuscript; available in PMC 2023 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quetal.

Page 5

to the DC, which we define as the corner region, showed a very low proliferation rate and
expressed the cell cycle inhibitor, Cadknla/p21 (Figures 1E-F, S1G), suggesting that these
cells represent quiescent pre-DC cells.

We next generated DkkICreER knock-in mice to lineage trace Dkk1+ cells as DCs form
(Dkk1CreER;Rosa-L SL tdtomato) and gave tamoxifen at E12.75 and E13.25. By E13.75,
we observed a low frequency of tdTomato+ (Tom+) dermal cells overall, consistent with
the observation that there is a low level of DkkZ expression in the upper dermis prior to
morphogenesis (Figure 1G). By E14.5, there was a significantly increased proportion of
DC cells that were Tom+. By E15.5, the proportion of Tom+ DC cells remained stable
from E14.5 indicating that DkkZI+ cells continue to contribute to the expanding DC at a
comparable rate. Notably, DkkZ lineage-labeled cells also showed a significantly greater
contribution to the peri-DC/perifollicular sheath at E15.5. Thus, DkkI+ peri-DC cells
selectively give rise to DC cells until E14.5 when they begin to show selective peri-DC/
perifollicular potential. These collective data show that the process of DC differentiation,
and thus the signals that regulate this process, follows a pattern in which selectively
proliferative Dkk1+ peri-DC cells give rise to quiescent DC cells over a short timeframe
during DC formation (Figure 1H).

Decomposing a non-linear DC differentiation process into key components

By the pseudo-order, DkkI+ peri-DC cells differentiate toward a DC state in a manner that
correlates with increasing levels of Wnt signaling (Figure 2A). By measuring transcript
levels of a known reporter of Wnt signal transduction, LefZ, spatially at E14.5 we found a
gradient of expression whose direction spans the upper interfollicular dermis, peri-DC and
DC, with DC cells exhibiting the highest levels (Figures 2B—C). One interpretation of the
DC trajectory is that Wnt signaling levels alone determine the probability of differentiating
into a DC cell. However, we previously showed that forced activation of p-catenin in dermal
cells resulted in larger DCs only where and when epidermal HF placodes normally formed
(Chen et al., 2012; Gupta et al., 2019). Thus, one or more placode-dependent signals must be
necessary to cooperate with dermal Wnt signaling to promote DC differentiation

Recognizing that the pre-DC-to-DC transition would not be accurately represented by

a linear deterministic Wnt-driven trajectory, we used diffusion maps as a non-linear
manifold learning method to decompose the DC differentiation process according to its
related eigenvectors, which represent the primary components of this process. As one
eigenvector that correlates with Wnt signaling levels would not fully capture the DC
differentiation process, we reasoned that a placode-dependent signal should be contained
within another eigenvector that also correlates with DC markers (Figure 2D). We computed
the Pearson correlation between the expression of LefZ or Sox2and the coordinates of

the top thirty eigenvectors. We defined the eigenvector that has the largest correlation with
Lefl as “Wnt component” and the eigenvector with the largest Sox2 correlation as “DC
component” (Figures 2E-F, S2A-B). As shown by these combined perspectives, the DC
differentiation trajectory progresses along both components at a certain point (Figure 2F).
By examining the correlation of these two components with all significantly variable genes,
we verified that these components indeed correlate with other genes known to represent
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Whnt signaling and DC differentiation, respectively (Figure 2G). This framework dissects the
DC differentiation process into distinct components that can be used as tractable handles to
interrogate signals responsible for them.

Unbiased identification of the placode factor essential for the transition to the DC

component

Using this framework, we sought to identify candidate placode-dependent signals required
for the pre-DC-to-DC transition. We took advantage of a mouse model that lacks placodes
but still retains competent Wnt-active upper dermal cells. Wnt/p-catenin signaling is
reciprocally activated in the epidermis and dermis, and previous work showed that loss

of epidermal p-catenin inhibits placode initiation (Andl et al., 2002; Huelsken et al.,

2001; Zhang et al., 2009). Nevertheless, epidermal Wnt ligands required for upper dermal
Whnt signal transduction are maintained (Chen et al., 2012; Fan et al., 2018; Fu and

Hsu, 2013). As expected, ablation of epidermal B-catenin (K14Cre;Bcaf’™ resulted in
decreased epidermal LefI expression by E13.5, while Lef1 transcripts within the upper
dermis were preserved (Figure S3A) (Brault et al., 2001; Dassule et al., 2000). By E14.5,

in contrast to control embryos, K14Cre,Bcat” embryos lacked detectable placodes or DCs
but retained upper dermal LefZ expression and proliferation (Figures S3A-B). We next
examined scRNA-seq data from E13.5 and E14.5 control and K14Cre,Bcat™! dermal cells.
At E13.5, prior to placode formation, control and K14Cre,Bcat”" dermal populations were
largely overlapping, reflecting their molecular similarity (Figures 3A, S3C). By contrast,
there were significant differences when placodes formed in controls at E14.5 that were
confined to Wnt-active cells (Figures 3B, S3D, S3F). Examination of E14.5 dermal diffusion
maps defined by Wnt and DC components showed that dermal cells from mutant and control
embryos shared a proximal region of the Wnt component (Figures 3C, S3E). However,
dermal cells from mutants failed to progress along the DC component. Thus, other genes
beyond those of Wnt signaling would account for the large differences between the two
populations and likely contribute to the observed defect in DC differentiation.

To assess these molecular differences, we assumed that transcriptional changes caused by
loss of epidermal S-catenin should correspond to a displacement of affected cells within
transcriptome space. We used differential-abundance analysis as a statistical method to
identify transcriptome regions in which cells are more abundantly represented by one
condition than the other (Landa, 2020). We reasoned that Wnt-active progenitors in
K14Cre;Bcaf mutants lack signals required for their transition to DC status. Hence, both
DC cells and DC progenitors of control and mutant dermal cells would be differentially
abundant. In contrast to E13.5, there was a significant differentially abundant (DA)
population at E14.5, which we subclassified into three clusters based on similarity (Figures
3D, S3C). The control DA2 cluster corresponds to the differentiated DC population, which
is nearly absent in the mutant condition. The remaining control and K14Cre,Scat”" DA1
clusters would include Wnt-active DC progenitors. Placode-dependent genes relevant to
the pre-DC-to-DC transition should be: (1) significantly differentially expressed between
the control and mutant DAL (putative pre-DC) populations, and (2) associated with a

DC differentiation process that spans the pre-DC (DA1) and DC (DAZ2) populations,
demonstrating a dual Wnt and DC component correlation. Of all DAL differentially
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expressed genes (DEGS), the most significant genes showing a dual Wnt and DC component
correlation were involved in Sonic hedgehog (SHH) signaling (e.g. Pichl, Hck; Figures
3E, S3G-H). Consistent with this, the canonical SHH target gene, Pfchi, was expressed by
both the DA2 and pre-DC-containing DAL populations from controls but not by the mutant
DA1 population (Figure 3F). Further, the sparse E14.5 K14Cre,Bcat™ mutant outlier cells
present in the control DA2 (DC) region expressed markers of SHH activation (Figure S3l).
By FISH, we found that the rate of change in Pfchl expression was greatest between the
interfollicular and peri-DC regions, corresponding spatially with where higher LefZ levels
are detected (Figures 2C, 3G-H) and that Pfchl and LefI were co-expressed by virtually
all DC cells and the majority of DkkI+ peri-DC cells (~62%) (Figure S3J). Based on

this analysis, we hypothesized that these two co-varying signals cooperate to regulate the
pre-DC-to-DC transition (Figure 3I).

SHH is essential for progression onto the DC component and genetically defines a critical
transition stage of DC genesis

Previous work showed that loss of SHH ligand, which is exclusively expressed by placode
cells and required for both placode and dermal SHH signal transduction, resulted in an arrest
in HF development when early hair germs have formed. Yet, how dermal SHH signaling
functions in DC genesis remains unclear (Chiang et al., 1999; Cui et al., 2011; St-Jacques et
al., 1998; Woo et al., 2012). At E14.5, we found that KZ4Cre;Shh™f (SHH cKO) embryos
contained placodes, but Sox2+ DC cells were not detected and a morphologically distinct
dermal cluster was not clearly discernible (Figure 4A) (Lewis et al., 2001). At E15.5,
placodes remained arrested in growth and neither Sox2 nor the placode and DC marker,
Sox9, was detected in SHH cKO embryos (Figure S4A). We next analyzed control and

SHH cKO scRNA-seq samples (Figures 4B, S4B-C). Despite the presence of a placode
population, SHH cKO dermal cells preserved a region along the Wnt component but failed
to progress along the DC component similar to KZ4Cre;Bcaf’ embryos (Figures 4C-D,
S4B-D). Further, DA1 populations of SHH cKO and control dermal cells encompassed a
similar region of the DC trajectory represented by KZ4Cre,Bca”" and control DAL regions.
Hence, the cell populations affected by the lack of placodes are similar to those affected

by the loss of SHH, indicating that SHH represents a major mediator of placode-dependent
pre-DC changes.

This analysis delineates placode-dependent regions of the DC trajectory defined genetically
by these mutants (Figures 4D-F): Region 1 represents cells ordered along the Wnt
component that is conserved between SHH cKO and controls and characterized by a
relatively slow rate of change in LefI and Ptchl levels. Here, SHH does not regulate the
level or rate of change of Wnt signaling levels, which we previously showed represents

an intermediate stage of DC differentiation that requires dermal Wnt signal transduction.
Region 2 delineates the region that lacks SHH cKO DAL cells but includes a subset of
control DAL cells, which would correspond to transitioning pre-DC cells (delimited by red
dashed line), and control DC (DA2) cells (Figure 4F). Here, Lefl and Ptchl covary at an
accelerated rate. Thus, SHH is required for accelerated Wnt signaling and many DC genes.
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Dermal SHH activation is required for the rapid transition to quiescence and mature DC
differentiation.

By this analysis, dermal SHH signaling is required to induce Region 2 changes, including
accelerated dermal Whnt signaling. We found that SHH cKO embryos showed expanded
Wht-active (Lef1+) placode cells at E14.5, indicating that placode Wnt ligands were
preserved, but underlying dermal cells were unclustered and expressed much lower Lefl
levels than control DC cells (Figures 5A-B). By E15.5, a small cluster of dermal cells

was seen in SHH cKO embryos with LefZ levels now reaching levels similar to E14.5
control DC cells, reflecting a slower rate of increase in LefZ expression. Using Bmp4 as

a DC marker previously shown to be retained in SHH cKO DCs, we found significantly
fewer Bmp4+ cells in SHH cKO DCs than control DCs (Figures 5D—-F). Also, while control
Bmp4+ DCs were quiescent (G0/G1 fraction=1) and surrounded by proliferating DkkI+
cells, a significant proportion of SHH cKO Bmp4+ cells were aberrantly proliferating and
coexpressed DkkZ (Figures 5D-E, 5G). At the same time, SHH cKO DkkI+/ Bmp4-peri-DC
cells showed a lower rate of proliferation than control DkkZ+ peri-DC cells, suggesting a
defect in the proliferation of DkkZ+ peri-DC cells as well as their transition into quiescence
(Figure 5C). Interestingly, while we did not detect a difference in apoptosis, the SHH

cKO Bmp4+ population did not increase in size over time (Figures 5F, S5A). Eventually
SHH cKO Bmp4+ cells formed small quiescent clusters, showing that SHH cKO DC-like
(pseudo-DC) cells undergo delayed entry into quiescence (Figures 5D-G). These results
were corroborated using the /n vivo Fucci2 cell cycle reporter in which G1/GO cells express
mCherry (Abe et al., 2013). Only by E15.5, small quiescent mCherry+/Ki-67-dermal
clusters were observed underneath SHH cKO placodes (Figure S5B).

To confirm that the defects in DC differentiation were not indirectly due to a loss of
epidermal SHH signaling, we ablated the transducer of SHH signaling, Smo, in epidermal
cells (K14Cre;Smo™" (Long et al., 2001). At E14.5, mutant placode cells lacked SHH
activity but were associated with Sox2+ DCs that showed an unexpected modest increase
in the number of Sox2+ cells per DC (Figures S5C-D). Interestingly, at E15.5 and E16.5,
while K14Cre;Smo™" placodes were stalled in growth due to the lack of epidermal SHH
activation, their corresponding DCs expanded at a greater rate than control DCs. Mutant
DCs remained in close approximation to the epidermis with a persistently high Lef1+/
Ptchi+ co-positive peri-DC population, while controls showed a diminishing LefI+/Ptchl+
co-positive peri-DC population that corresponded to the downward displacement of the DC
from the epidermis (Figures S5C-D). Taken together with previous work (Gritli-Linde et
al., 2007; Woo et al., 2012), these results show a cell-autonomous role for dermal SHH
signaling in DC genesis and also support the model that SHH/Wnt co-activation promotes
DC differentiation.

To address if SHH cKO pseudo-DCs may merely represent delayed progression onto the
DC component. Diffusion maps of E15.5 SHH cKO and control dermal populations showed
that mutant cells progressed on a Wnt component but not a DC component (Figures 5H-I,
S5E-G). Specifically, E15.5 SHH cKO cells formed a divergent pseudo-DC branch that
differed from controls by their lack of genes associated with the DC component, while

their expression pattern was aligned with an attenuated Wnt component that terminates with
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quiescence (Figure S5G). Consistent with this, SHH cKO pseudo-DCs express many genes
found in Wnt-active dermal cells prior to DC formation (Gupta et al., 2019). Collectively,
these results reveal a previously unrecognized mechanism by which dermal SHH signaling
governs DC genesis by promoting the proliferation of Wnt-active peri-DC cells and their
rapid entry into quiescence and mature DC differentiation.

High dermal SHH activation in early Wnt-active cells deterministically reproduces events
of DC genesis over more intermediates

Based on the trajectory alone, any other factor required for this process depicted by these
components should be related to Wnt or SHH signaling, as we did not identify a third
relevant eigenvector that correlates with DC changes (Figures S2A-B). To test this, we first
assessed if SHH signaling is sufficient to induce DC component changes by expressing an
activated form of Smo (SmoMZ2YFP) in Wnt-active progenitors prior to placode formation
(Jeong et al., 2004). We previously showed that Ax/in2CreER targets dermal progenitors,
and not epidermal cells, when tamoxifen is given at E11.5 (Gupta et al., 2019). Using

this regimen, we examined Axin2CreER,;SmoM_Z2YFPembryos at E14.5 and noted a lack

of placodes as evidenced by the lack of epidermal Edaror Ptchl transcripts (Figures 6A,
S6A). Remarkably, we found Sox2+ dermal clusters in the upper dermis that were bigger
than control DCs at both E14.5 and E15.5 and that expressed e YFPand Prchl (Figures
6A-B, S6A-C). These clusters usually lacked a direct connection to the epidermis but

were confined to the upper dermis and occasionally abutted one another (Figures S6A-D).
Sox9 was also expressed by control and mutant dermal clusters, while the mutant epidermis
largely lacked Sox9+ cells normally found in SHH-active placodes (Figure S6E). Thus, high
dermal SHH activation is sufficient to induce Sox2+ dermal clusters in the Whnt-active upper
dermis independent of placodes.

As high SHH activation is sufficient to induce DC differentiation in early Wnt-active cells,
we hypothesized that molecular changes of Region 2 are caused by sufficient levels of SHH
signaling. sScRNA-seq data from E14.5 control and SmoMZ2YFP embryos confirmed that
neither placode markers nor e YFPwas detected in the epidermal population of mutants
(Figure S6F). Due to the global transcriptional differences between wildtype (¢ Y~F-) and
mutant (e YFP+) dermal populations, we analyzed dermal diffusion maps of mutant cells
separately (Figures 6C, S6G). Remarkably, the SmoMZ2YFPtrajectory was represented

by one eigenvector, while other eigenvectors were either not significantly correlated with
DC changes or contained minimal variance (Figures 6C, S6H-J). Similar to Region 2 of
controls, the mutant pseudo-order showed that Lef7 levels increased monotonically, and
Sox2+ cells were concentrated near the terminus. Further, LefZ and Pfchl levels covaried at
a nearly constant rate along the SmoMZ2YFP pseudo-order (Figure 6D).

By the SmoMZ2YFPtrajectory, SHH/Wnt co-activation functions as a deterministic
component that correlates with expression of DC and Whnt target genes (Figures 6C—

D, 6F, S6H-J). Notably, SmoMZ2YFP cells transition across more Dkk1+ proliferative
intermediates that gradually acquire DC genes before quiescence (Figure 6F). To verify
these inferences, we first found that virtually all Sox2+ cells in mutant embryos coexpressed
Ptch1and LefI (Figure 6E), supporting the notion that Wnt and SHH co-activation is
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required for DC differentiation. As dermal Wnt signaling requires epidermal Wnt ligands,
all mutant Sox2 clusters were located in the upper dermis (Figures 6E, S6A-B). At
E14.5, we also found that many mutant Sox2+ cells were proliferating and coexpressed
Dkk1+ (Figures 6F-G, 6J, S6K), but by E15.5, most Sox2+ cells were quiescent, lacked
Dkk1 expression, and were surrounded by a ring of proliferating DkkI+ cells similar to
control DCs (Figures 6H, 6K, S6K-L). Further, E15.5 mutant cells pulsed with EdU at
E14.5 showed that many quiescent Sox2+ cells originated from E14.5 proliferating cells
in contrast to control DCs that expanded from a quiescent pool (Figures 11, 61, 6K, S6L).
These data show that Wnt and SHH co-activation reproduces DC changes without placodes
represented by a longer or “slower” continuum of proliferative DkkI+ intermediate states
that progressively gain DC markers prior to quiescence (Figure 6N).

Recognizing that FGF20 is a placode signal previously shown to be essential for DC
differentiation and morphogenesis (Biggs et al., 2018; Huh et al., 2013; Mok et al.,

2019), we sought to address the role of FGF20 in this process. We induced SmoMZ2YFP
expression in Axin2CreER:SmoM2Y FP:FGF20/%Z/1acZ empryos that lack FGF20 (Huh et
al., 2012) and found mutant Sox2 clusters formed similar to SmoMZ2YFP embryos (Figure
S6M). Similar to previous reports, FGF20/4Z/1acZ embryos largely lacked Sox2+ DCs at
E14.5, suggesting that SHH may act downstream of FGF20. Consistent with this, SHH
cKO placodes showed intact Fgf20 expression (Figure S6N). Further, there was a marked
reduction in the number of Pzchi+ and LefI+ cells in the dermis underlying FGF20/acZ/acZ
placodes, and Sox2+ cells that were seen coexpressed Ptchland Lefl (Figure S6M). These
data suggest that FGF20 modulates DC differentiation upstream of the two principal drivers
of this process.

The spatial patterning of SHH and Wnt signaling gradients regulates the number of
transitioning intermediates

Our data show that inducing uniformly high SHH activation across a gradient of Wnt
signaling results in a gradient response of DC differentiation. Thus, DC genes that are
normally restricted to the distal region of the wildtype DC trajectory are now distributed
across the entire gradient of Wnt signaling and decoupled from terminal quiescent cells
(Figures 6D, 6F, S6l). Based on these observations, we hypothesized that inducing high
Whnt signaling in SmoMZ2YFP cells could bypass earlier intermediate states. We activated
both B-catenin and Smo in Axin2CreER,;SmoM2YFP,BcatEX3 (SmoM2Y FP,BcafEX3)
embryos (Harada et al., 1999). In contrast to SmoMZ2YFP embryos, Sox2+ clusters

were now seen in the upper and lower dermis and surrounded by proliferating DkkI+

cells in SmoM_2YFP;Bcaf’’EX3 embryos (Figures 6L.—M, S7A). Additionally, most Sox2+
clusters in SmoM_2YFP,Bcaf’EX3 embryos were quiescent similar to control DCs,
indicating a faster transition to quiescence concurrent with molecular differentiation and
morphogenesis (Figures 6M-N, S7B). Moreover at E13.5, prior to HF morphogenesis,
SmoM2YFP,Bcaf”EX3 embryos demonstrated several quiescent Sox2+ clusters in the
dermis (Figures 1C, 7A-C, S7C). These dermal clusters were frequently associated

with overlying early placode markers not observed in control embryos (Figure 7B). As
expected, Axin2CreER,Bcaf’EX3 (BcafEX3) embryos largely lacked DCs at E13.5, while
SmoMZ2YFPembryos demonstrated a variable number of small Sox2+ aggregates (Figures
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7A-B, S7C) (Chen et al., 2012; Gupta et al., 2019). We conclude that sufficient levels of
both SHH and Wnt can induce DC genesis autonomously.

Our results show that high levels of SHH signaling can initiate Region 2 changes, including
high Lef1 expression in the absence of placode Wnt ligands (Figures 6A, 7A, S6A, S6E-F),
while SHH cKO pseudo-DCs show decreased LefZ expression (Figures 5A-B). Thus, SHH
may promote dermal Wnt signaling independent of placode Wnt ligands. We quantified
Lef1 levels across conditions at E13.5, using E14.5 DCs as a reference for high LefZ

levels. Interestingly, E13.5 SmoMZ2YFP (Ptchi+) mutant cells consistently showed higher
levels of Lef1than SHH-inactive (Ptchl-) cells across all conditions and reached levels
near that of E14.5 control DC cells (Figures 7B, 7D, STD-E). As PfchI-(unrecombined
wildtype) cells of SmoM2YFPand SmoM2YFP,Bcalf’’EX3 embryos expressed similar
levels of Lef1 as control cells, the effect on Wnt signaling caused by the SmoMZ2YFP
mutation is cell-autonomous (Figures 7D, STE). Notably, PtchI+ upper dermal cells of
E13.5 SmoMZ2YFPembryos demonstrated significantly lower proliferation compared to
E13.5 control or unrecombined Pichi-upper dermal cells, which correlated with elevated
Cdknlaexpression (Figures 7E, S7F). These results show that SHH signaling can boost Wnt
signaling cell-autonomously, and these Wnt signaling levels correlate with quiescence.

Discussion:

Here, we applied a unique computational approach to identify the signals that coordinate
the events that lead to DC genesis. Our data indicate that sufficient levels of SHH signaling
determine when cells begin the transition to DC status, and the length of transition is
delimited by a threshold level of Wnt signaling and quiescence. This transition phase is
characterized by proliferation, augmented Wnt signaling, and acquisition of DC markers
followed by cell cycle exit. Viewed another way, the spatiotemporal distance between
threshold levels of SHH and Whnt signaling can determine the number of transitioning
intermediates and a cell’s probability to undergo DC commitment (Figure 7F).

Dermal SHH and Wnt signaling coordinate events of DC genesis within a short window of
time and space

Recent work showed that DCs form by the local migration of quiescent cells to form a
cluster. Our work shows that a local pool of quiescent cells is generated by a selectively
proliferative population. These proliferative progenitors express DkkZ and are located in a
defined transition zone in the peri-DC region. Previous seminal studies demonstrated the
role of SHH in differentiated DC cells, establishing its function in DC maintenance (Woo et
al., 2012). However, the essential function for dermal SHH signaling in DC differentiation
and DC expansion was difficult to examine, as the progenitors and cellular processes that
lead to DC differentiation were largely unknown. By leveraging sSCRNA-seq methods, we
reveal a previously unrecognized role for SHH in cooperating with and augmenting Wnt
signaling to drive the pre-DC-to-DC transition. We propose that SHH functions in Wnt-
active DC progenitors to: 1) promote their proliferation, 2) induce expression of mature DC
genes, 3) stimulate autonomous morphogenetic events and cell fate patterning, and 4) cause
their timely arrest by augmenting Wnt signaling. In support of studies showing that high
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levels of Wnt signaling promote Cdknlaexpression and cell cycle exit, Wnt signaling levels
correlated with quiescence across all mutants examined, including SHH cKO mutants (Choi
et al., 2013; Fujimura et al., 2007; Huggins et al., 2017). Notably, genetic co-activation of
SHH and Wnt signaling induces these events independent of FGF20, indicating that FGF20
likely functions upstream to modulate these two principal signals.

We hypothesize that the tight coupling of threshold levels of SHH and Whnt signaling

in peri-DC cells would result in few transitioning intermediates prior to arrest, partly
explaining why this transition is difficult to capture (Figure 7F). Inducing high levels of
SHH signaling across the entire gradient of Wnt signaling prior to morphogenesis, and

not just those in the peri-DC, would cause every cell within that gradient to augment Wnt
signaling incrementally while increasing their proliferation and expression of DC genes,
resulting in more transitioning intermediates proliferating until they reach a level of Wnt
signaling sufficient to cause arrest. Effectively, the SmoMZ2YFPtrajectory represents a
“transition eigenvector” with more intermediates to resolve the process in “slow-motion”.

In SmoM2YFP;BcafeX3 mutants, both SHH and Whnt signaling levels are simultaneously
induced at or above threshold levels, and mutant cells undergo that transition faster and more
similar to the wildtype condition. Thus, two mitogenic signals can cooperate to regulate the
length of transition between proliferation and arrest if they covary in a feed forward fashion,
and one reins in this proliferation to cause arrest at a threshold level. This work suggests a
mechanism by which differentiation is coordinated with proliferation and cell cycle exit, a
phenomenon utilized by other somatic stem cells, including muscle and neuronal progenitors
(Florio and Huttner, 2014; Yin et al., 2013). Our data suggest that the length of transition
may depend upon the spatiotemporal distance between signal thresholds. This distance

may define the number of divisions or duration that transit-amplifying cells divide before
undergoing terminal differentiation.

The coupling of DC differentiation to DC morphogenesis and spatial patterning

Based on the SmoMZ2YFPtrajectory SHH and Whnt signaling cooperate to deterministically
drive DC differentiation, and the spatial pattern follows this order. A scenario in which
differentiation is coupled to morphogenesis may have evolved to ensure that DC cells
condense upon commitment to provide rapid and precise local feedback to the epidermis to
regulate placode size or the spatial segregation of placode cell fates. Recent work showed
that spatially segregated placode populations follow branching trajectories (Morita et al.,
2021). In our case, time and space are necessarily coupled to establish a committed pool

of quiescent DC cells. Interestingly, placode Wnt and SHH signaling antagonize each other
to segregate placode cell fates, while the reciprocal convergence of these two signals in
dermal cells results in accelerated signaling and DC differentiation (Ouspenskaia et al.,
2016; Xu et al., 2015). The factors that direct cell context-specific molecular interactions in
the epidermis and dermis are unclear but suggest that signal segregation may regulate cell
fate trajectories.

Our data provide a mechanism to explain how dermal SHH signaling promotes adult HF
neogenesis following wounding (Lim et al., 2018). At the same time, forced activation of
dermal pB-catenin in adult skin inhibits HF neogenesis (Hamburg and Atit, 2012; Rognoni
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et al., 2016). The heterogeneous cell populations involved in wound healing likely require
dermal Whnt activity to be tightly regulated (Phan et al., 2020). This work uncovers the
signals sufficient to reproduce a major aspect of DC genesis as well as the tunable
parameters that regulate the rate of DC genesis and DC size, which can help guide
biomimetic methods to recreate inductive mesenchymal condensates.

Limitations of the study:

In this study, the DC differentiation trajectory was defined by Wnt and DC components.
Although our data show that the combination of these two eigenvectors represents a
significant aspect of DC genesis, other methods to visualize SCRNA-seq data or modalities
may reveal different aspects of DC differentiation, which we did not examine here. Related
to this, we recognize that HF placode maturation and growth were not fully reconstituted

by genetic co-activation of these signals despite evidence of some early placode markers

at E13.5 in SmoM2YFP,Bcat”EX3 embryos. It is likely that feedback mechanisms

and additional signals are necessary for epithelial-mesenchymal crosstalk. Comparative
analysis between wildtype and SmoM2YFP or SmoM2YFP,BcafEX3 dermal and epidermal
populations along with generation of tools that dynamically regulate these signals may prove
helpful. Finally, the specific biological processes to which the computational method used in
this study can be generalized remains to be explored.

STAR Methods:

Resource Availability

Lead Contact: Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Peggy Myung

(peggy.myung@yale.edu).

Materials Availability: DkkiCreER knock-in mice were generated in this study and will
be available from the lead contact through a Materials Transfer Agreement.

Data and Code Availability: Genomic datasets used in this study are deposited in NCBI
Gene Expression Omnibus database (GEO: GSE198487).

Experimental Model and Subject Details

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—Axin2CreER (van Amerongen et al., 2012) mice were bred to Rosa-
L51.SmoM2YFP (Jeong et al., 2004), B-catenin™EX3/* (Harada et al., 1999) and/or
FGF20/acZ/lacZ (Hyh et al., 2012) mice. K14Cre (Dassule et al., 2000) mice were bred

to either S-catenin/”™ (Brault et al., 2001), Smo™" (Long et al., 2001) or ShA™"

(Lewis et al., 2001) mice. To visualize Cre-recombination Gf(ROSA)26Sortm1(CAG-
tdTomato)Hze(Madisen et al., 2010) mice were bred to DkkICreER knock-in mice
(generated by Yale Transgenic Core). R26FucciZaR (Abe et al., 2013) reporter mice were
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used to visualize cell cycle phase. A random population of both male and female mice were
used for all experiments. All procedures involving animal subjects were performed under
the approval of the Institutional Animal Care and Use Committee of the Yale School of
Medicine.

Method Details

Tamoxifen induction of mice—Embryos were staged as days post coitum, with
embryonic day E0.5 considered as noon of the day a vaginal plug was detected after
overnight mating. Pregnant dams were given one or two doses of Tamoxifen dissolved in
corn oil (20mg/ml, Sigma) at 40-60 pg/gm body weight by oral gavage at either E11.5 or
E12.75+E13.25 as indicated.

EdU Incorporation Assay—To assess active proliferation, EQU was administered to
pregnant mice intraperitoneally (25 pg/gm) and embryos were harvested after 1.5 hour. For
pulse-chase experiments, 25 ug/gm EdU was administered to pregnant mice at indicated
times and embryos were harvested at later times. EdU incorporation was assessed using the
Click-it EdU Imaging kit Alexa 555 or Alexa 488 (Life technologies, c10338) according

to manufacturer’s instructions. Briefly, skin explants were treated with a mixture of 1X
Click-iT reaction buffer, CuSO4, Alexa Fluor azide dye and 1X reaction buffer additive, all
provided in the Click-it EdU Imaging Kit, for 30 minutes at RT before washing in PBS.

Histology—10% formalin-fixed paraffin embedded (FFPE) whole embryos were used for
histological analysis. FFPE specimens were sectioned at 10 pm thickness for FISH or 5 um
for immunofluorescence. For immunofluorescence, sections were deparaffinized and then
subjected to 10 minutes antigen retrieval in citrate buffer. After washing in PBS, sections
were blocked with 5% normal donkey serum, 1% bovine serum albumin and 0.2% Triton
X-100 in PBS at room temperature (RT) for 1 hour. Sections were incubated overnight at

4 °C with the following antibodies: rabbit anti-Sox2 (1:400, Cell signaling 2286S), goat
anti-Pcadherin (1:500, R&D Systems, AF761), mouse anti-caspase3 (1:100, BD Sciences,
610153). After washing in 0.1% Triton-X 100, sections were incubated with the following
secondary antibodies: Alexa Fluor 488-donkey anti-goat (1:200, Life technologies, A11055),
Alexa Fluor 488-donkey anti-goat (1:200, Life technologies, A11057), Alexa Fluor 568-
donkey anti-rabbit (1:200, Life technologies, A10042) for 1 hour at RT and DAPI mounted
(\Vector laboratories, H-1200). Combined images of DAPI, Alexa 488, Alexa 568 and Alexa
647 were taken using a Zeiss Axio Observer.

Whole mount immunofluorescence—Dorsolateral skin from embryos were
microdissected and placed on nucleopore filters (VWR, WHA 800281) and fixed overnight
with 4%PFA at 4° C. Skin explants were blocked for 6 hours in 5% normal donkey serum,
1% bovine serum albumin and 0.5% Triton-X100 at RT. Explants were incubated overnight
at 4° C in the following primary antibodies: chicken anti-RFP (1:250, NovusBio, NBP1-
97371), rabbit anti-Sox2 (1:400, Abcam, ab97959), rabbit anti-Sox9 (1:500, Millipore,
ab5535), goat anti-Pcadherin (1:500, R&D Systems, AF761), rabbit anti-RFP (1:500,
Rockland, 600-401-379), Ki-67 Monoclonal Antibody (SolA15) (1:200, Invitrogen, 14—
5698-82). Explants were then washed in 0.2% Tween20/PBS for 4-6 hours on a rotator
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and then incubated with the following secondary antibodies: Alexa Fluor 488-donkey anti-
goat (1:200, Invitrogen, A11055), Alexa Fluor 568-donkey anti-rabbit (1:200, Invitrogen,
A10042), Alexa Fluor 488-donkey anti-rabbit (1:200, Invitrogen, A21206), Alexa Fluor
647-goat anti-rat (1:200, Invitrogen, A-21247), Alexa Fluor 405-donkey anti-rat (1:200,
Invitrogen, A-21208) overnight at RT. Washes were carried out for 6 hours with 0.2%
Tween20/PBS. Hoechst (1:750 in PBS) was used for 45 min before mounting on slides with
SlowFade Gold Antifade Mountant (Invitrogen, S36936).

In-situ hybridization—The RNAscope Multiplex Fluorescent Detection Kit v2 (ACDBIo,
323110) was used for single-molecule fluorescence in situ hybridization according to

the manufacturer’s protocol. Briefly, sections were deparaffinized, permeabilized with
hydrogen peroxide followed by antigen retrieval and protease treatment before probe
hybridization. After hybridization, amplification and probe detection was done using the
Amp 1-3 reagents. Probe channels were targeted using the provided HRP-C1-3 reagents
and TSA fluorophores: Cy3 (AkoyaBio, NEL744001KT), Cy5 (AkoyaBio, NEL745001KT),
fluorescein (AkoyaBio, NEL741001KT). EdU staining was done using the Click-it EdU
Imaging Kit (Invitrogen, C10337). Nuclear counter-stain was done using Hoechst 33342
(Invitrogen, H3570) before mounting with SlowFade Mountant. RNA scope probes used
(ACDBI0): Mm-Bmp4 (401301), Mm-Ptchl (402811), Mm-Axin2 (400331), Mm-Dkk1
(402521), Mm-Edar (423011), Mm-Cdknla (408551), Mm-Lefl (441861), Mm-Sox2
(401041), Mm-Fgf20 (526391), Mm-Shh (314361), Mm-EYFP (312131), Mm-Ccna2
(442661).

Microscopy—FISH paraffin-embedded images were acquired using the Leica TCS SP8
Gated STED 3X super-resolution confocal microscope with a 10x dry (numerical aperture
(NA) 0.3) or 40x oil immersion (NA 1.3) objective lens, scanned at 5 um thickness,
1024x1024 pixel width, 400 Hz. Widefield immunofluorescent images were acquired with

a Zeiss Axio Observer Z1 equipped with a Plan APOCHROMAT dry 40x objective lens.
Whole mount explants were imaged in 3 dimensions using the LaVision TriM Scope Il
(LaVision Biotec) microscope equipped with a Chameleon Vision 1l (Coherent) two-photon
laser (810 —1000 nm) to acquire zstack images ranging from 50-120 pm (2 um serial optical
sections) using a 20X water immersion lens (NA 1.0; Olympus), scanned with a field of
view of 0.3-0.5 mm? at 800 Hz.

Single-cell dissociation—Embryonic dorsolateral/flank skin was micro-dissected from
littermate control and mutant embryos after genotyping (2—3 embryos pooled per condition)
and dissociated into a single-cell suspension using 0.25% trypsin (Gibco, Life Technologies)
for 20 minutes at 37° C. A replicate sample was prepared for both E14.5 control

and SmoMZ2YFP samples. Single-cell suspensions were then stained with DAPI (Fisher
Scientific, NBP2-31156) just prior to fluorescence-activated cell sorting.

Fluorescence-activated cell sorting—DAPI-excluded live skin cells were sorted on a
BD FACS Aria Il (Biosciences) sorter with a 100 um nozzle. Cells were sorted in bulk and
submitted for 10X Genomics library preparation at 0.75-1.0x10%/mL concentration in 4%
FCS/PBS solution.
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Single-cell RNA sequencing and library preparation—Chromium Single cell 3’
Library and Gel Bead Kit v2 Chromium Single Cell 3" Library & Gel Bead Kit v2
(PN-120237), Chromium Single Cell 3" Chip kit v2 (PN-120236) and Chromium i7
Multiplex Kit (PN-120262) were used according to the manufacturer’s instructions in

the Chromium Single Cell 3 Reagents Kits V2 User Guide. After cDNA libraries were
created, they were subjected to Novaseq 6000 (Illumina) sequencing. For each sScRNA-seq
experiment, each control and littermate mutant samples were prepared at the same time and
pooled and sequenced on the same lane.

10X scRNA-seq data pipeline to matrix—The transcriptomes of live single cells

from E13.5, E14.5 or E15.5 mouse skin samples under different biological conditions were
sequenced. Raw 10X sequencing data was processed into a matrix employing the standard
10X CellRanger pipeline. Briefly, base call files were fastq format which were aligned to

the mm10 reference genome followed by nUMI and barcode counting, constructing the
nUMI count matrices. nUMI matrices were filtered, centered and normalized using Seurat
(Butler et al., 2018; Macosko et al., 2015). Briefly, for each original run condition (i.e. E13.5
wildtype), cells were filtered to have > 2,000 genes but < 6,000, mitochondria ratio (defined
by PercentageFeatureSet function in Seurat) below 0.15. Data was then log scaled, centered
and normalized to nUMI.

Principal Component Calculation—Principal components (PCs) were calculated using
Seurat’s RunPCA function. The top 2,000 variable genes were used for calculating PCs.

Cell type specification—For each original run, UMAP dimension reduction was
performed on the normalized, centered, scaled nUMI count matrices employing the first 50
PCs. We then performed unsupervised clustering using the Seurat SNN clustering package,
using a resolution of 0.5. Clusters that were positive for Co/Zal were defined as dermal,
while clusters positive for Krt10or Krt14 were defined as epidermal.

Data merge and normalization—For comparative analysis, we merged dermal cell
matrices from each pair of conditions separately (i.e. E13.5 control and K14Cre,Bcat™"),
followed by standard preprocessing and normalization using the workflow provided by
Seurat. The same procedure was applied to analyze and compare epidermal cell populations
between pairwise conditions. E14.5 control and SmoMZ2YFP data were analyzed separately
due to their profound global transcriptome differences.

Diffusion Map Construction—We computed PCA of the data and retained the first 50

principal components. Let {x} for /=1,...,Vbe the 50-dimensional vectors representing the
N _ _ Jxi - 3

cells. We constructed an A/ x N sparse affinity matrix A by letting 4;; = 67 when X

is among the 50-nearest neighbors of x; , and o;is an adaptive bandwidth which is set to

the distance from x;to its 10th neighbor. Next, we symmetrized the matrix, and normalized

each row to sum to one, resulting in a Markov matrix. The eigenvectors of this sparse

matrix corresponding to the largest eigenvalues are then computed using the R wrapper
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of ARPACK library and then visualized (https://cran.r-project.org/web/packages/rARPACK/
index.html).

Pseudo-ordering of cells—We firstly identified the terminal DC cell state by the
terminus of the DC differentiation trajectory. Cells were then ordered by their Euclidean
distances to that DC cell state in transcriptome space (represented by top 50 PCs). To
visualize gene expression or cell cycle phase along the pseudo order, we employed a
generalized additive model to smooth the data (Hastie, 1990) using ggplot2 geom_smooth
function. As the absolute values along the x-axis depend on the number of cells within each
sample, comparison of expression levels should be made according to DA populations or
regions in this study.

Two-component model construction and gene correlation analysis—We
dissected out two major components that represent the DC differentiation process by
identifying eigenvectors associated with DC differentiation. Specifically, the top 30
eigenvectors of diffusion maps were retained for analysis while eigenvectors with an index
larger than 30 depicted pure noise. The eigenvector with the largest absolute correlation
with Lef1 expression was denoted as “Wnt component”, while denoting the eigenvector
with the largest absolute correlation with Sox2as “DC component”. Each highlights

a partial perspective of the DC trajectory and together codify this DC differentiation
process. To verify the robustness of notations of “Wnt component” and “DC component”,
correlations between the top 2,000 variable genes and the two components were computed
and visualized. Canonical gene markers associated with Wnt signaling pathway and DC
differentiation were found to be highly correlated (> 0.25) with Wnt component and DC
component, respectively.

Differential abundance analysis—To identify cell populations affected by experimental
perturbation, we applied a statistical method (Landa, 2020) to perform differential
abundance analysis to unbiasedly identify all cell states where there are locally significantly
more cells from one condition than the other (P < 0.01). DA cells were then grouped

into different clusters by employing Seurat SNN clustering with a resolution of 0.075.

Gene markers for each DA cluster were identified by Seurat FindAllMarkers function with
default parameter settings, which were then used to infer cell types and cellular functions
corresponding to DA clusters.

Differential gene expression analysis—Differential gene expression analysis between
predefined DAL regions of E14.5 control and KZ4Cre;Bcat/f dermal cells was performed
by Seurat FindMarkers function with no prefiltering criteria applied. A combinatory
threshold of P < 1e-20 and log,FC > 0.5 was employed to define significant DEGs

for visualization. Genes that show dual correlations with Wnt and DC components were
highlighted in the volcano plot of DEGs, where SHH pathway associated genes were found
to be among the most significant DEGs.

Cell cycle estimation of scRNA-seq data—We employed Seurat’s cell cycle scoring
(Nestorowa et al., 2016). Briefly, averaged relative expression of those cell cycle related
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genes were used to calculate G2/M and S scores, which were used for binning cells into
G2/M, S and G1/GO0 bins.

Quantification and Statistical Analysis

Image analysis—Raw image stacks acquired from whole-mount explants were imported
into Fiji or Adobe Photoshop for analysis. ggplot2 and cowplot R libraries were used for
graphical representation of the ScCRNA-seq data. Diffusion maps were generated as described
above.

Quantification—For quantification of DC density, 3-dimensional whole-mount tiled
mosaics of skin explants with a 1000 x 1000 um field of view and a z-depth of 60-100

pum were used for n=3-4 embryos. For volumetric quantification of DC cell number, EdU+
or Tom+ percentage of DC or upper dermis, 3-dimensional whole mount mosaics stained
with Sox2 and EdU or RFP were used to manually count positive cells, using ImageJ (Fiji)
software using planar (XY) and orthogonal (YZ, XZ) views. For volumetric quantification
of cell cycle phases, 3-dimensional whole mount mosaics stained with markers such as Ki67
or GO/GL1 cells (based on Fucci2 reporter) were done manually by counting nuclear positive
cells using ImageJ (Fiji) software. For quantification of upper dermal cells, a distance of

10 um below the epidermis was considered upper dermis. For quantification of the peri-DC
region by whole-mount, cells two cell layers out from the Sox2+ DC were counted. For
quantification based on FISH, cells with 4-5 dots were considered positive (according to the
RNAScope manufacturer’s instructions) and sections from a total of n=4 different embryos
were examined. To measure RNA expression levels, H-scores were calculated according to
ACDBiI0 manufacturer’s instructions: a cell with 0 dot is scored 0, 1-3 dots score 1, 4-9
dots score 2, 10-15 dots and/or less than 10% clustered dots score 3, and more than 15 dots
and/or more than 10% clustered dots score 4; then the final H-score of a given cell type A

is calculated by summing the (% cells scored B within all cells in A)*B for score B in 0-4.
For quantification of upper dermal cells, a distance of 10-20 um below the epidermis was
considered as upper dermis. For quantification of cells in the peri-DC region Dkk1+Sox2-or
Dkk1+ Bmp4-were considered.

Statistical analysis—All statistical values are expressed as mean + SEM. An unpaired
Student’s #test was used to analyze data sets with two groups and *~<0.05 to, **/<0.01,
*** A 0.001 and ****/A£<0.00001 indicated a significant difference. When comparing more
than two groups, P values were determined by one-way ANOVA with Tukey’s HSD test
performed as the post hoc analysis. Statistical calculations were performed using Prism
software package (GraphPad). For categorical data, a chi-square test was employed to
estimate a Pvalue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Dermal progenitors transiently amplify into quiescent dermal condensate
(DC) cells

Trajectory decomposition identifies signals that mediate the preDC-to-DC
transition

Dermal SHH and Wnt/p-catenin signaling deterministically drive DC genesis

Repatterning SHH and Whnt signaling gradients modulates the length of
transition
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Figure 1: A selectively proliferative population transitions over a short timeframe into quiescent
DC cells

(A) HF development over time. (B) UMAP of dermal scRNA-seq data with Sox2

(left), UMAP showing ordering based on distance from DC state in transcriptome space
(middle), G1/GO fraction or gene levels across pseudo-order (right). (C) Sox2+ cell number
per DC over time. (D) %EdU+ of DC population after E13.75 or E14.5 EdU pulse.

(E) Expression level of indicated genes or fraction G1/GO0 over pseudo-order (dashed

line, highly proliferative state). (F) FISH showing Dkkl1, CcnaZ, or Cdknlawith EAU
(arrowheads indicating corner region of peri-DC). (G) 3D views and quantification of Tom+
Dkk1-lineage traced cells at indicated times in peri-DC or DC population; n=4. (H) Cartoon
of spatial progression of DC differentiation. Data as mean+ SEM (n=8 per time); */<0.05,
**p<0.01, ***A£<0.001, ****P<0.0001, one-way ANOVA, ns, not significant. Scale bars, 50
um. Related to Figure S1.
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Figure 2: Decomposing a non-linear differentiation process into key components
(A) Lefl and Dkk1 levels by pseudo-order; dashed line, highly proliferative pre-DC

state. (B, C) FISH and quantification of LefZ transcript levels across space (n=4) with
schematic of LefI levels over space. (D) Cartoon of predicted diffusion map by Wnt

and DC components. (E) Diffusion map defined by eigenvectors that most correlate with
Lefland Sox2. (F) Pseudo-order by Wnt component; dashed line, when Sox2and Lef1
covary. (G) Correlation plot showing other Wnt targets and DC genes correlate with the two
components. Related Figure S2.
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Figure 3: Unbiased identification of the placode factor essential for the transition to the DC
component

(A) UMAP E13.5 dermal cells by condition. (B) UMAP of E14.5 dermal cells by condition
(left) or by Lefl and Sox2 (right). (C) Diffusion maps by Wnt and DC components. (D)
Differentially-abundant (DA) clusters of control and KZ4Cre;Bcaf” dermal cells (P <
0.01). (E) Volcano plot of control and mutant DA1 DEGs with genes (navy) that dually
correlate with Wnt and DC components. (F) Violin plots of LefZ and Pichl by DA clusters.
(G) Pseudo-order showing covarying Ptchland Lef1 levels. (H) Quantification of Ptchl
levels across space (n=4). (I) Cartoon depicting SHH and Wnt signal levels by components.
Data as meant SEM; *P<0.05, **F<0.01, ***/£<0.001, ****P<0.0001, one-way ANOVA;
ns, not significant; scale bars, 50 um. Related to Figure S3.
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Figure 4: SHH is essential for progression onto the DC component and genetically defines a
critical transition stage of DC genesis

(A) Whole mount of E14.5 control and SHH cKO skin. (B) UMAP of control and SHH cKO
dermal cells by condition or by DA clusters (left); Sox2on UMAP (right). (C) Diffusion
maps of SHH cKO and control showing Sox2and Lef1. (D,E) Diffusion maps (left) and
pseudo-order (right) of control and KZ4Cre, Bcaf/f or control and SHH cKO color-coded
by DA clusters. Dashed lines delineating DA populations corresponding to Regions 1 and 2.
(F) Cartoon of Regions 1 and 2 and transition zone (bracket). Scale bars, 50 pm. Related to
Figure S4.
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Figure 5: Dermal SHH activation is required for the rapid transition to quiescence and mature

DC differentiation.

(A) Lefllevels in Bmp4+ DCs at E14.5 and E15.5. (B) FISH showing decreased Lefl
expression in Bmp4+ SHH cKO pseudo-DCs. (C) Proliferation rate of DkkI+ peri-DC

and upper dermal cells at E14.5. (D) Pseudo-order of control and SHH cKO dermal cells

at E14.5. (E) FISH showing proliferative Brmp4+ pseudo-DCs in SHH cKO at E14.5 and
E15.5. (F) Number of Bmp4+ cells in SHH cKO and control over time. (G) %EdU+ of
Bmp4+ population over time in control and SHH cKO. (H) Diffusion maps of E14.5 and
E15.5 control and SHH cKO dermal cells showing that SHH cKO pseudo-DCs progress
only on the Wnt component by E15.5. (I) Cartoon showing aberrant proliferation of SHH
cKO Dkk1+ peri-DC cells and slow transition to quiescence. Data as mean+ SEM; */<0.05,
** 0,01, ***£<0.001, ****P<0.0001, one-way ANOVA. Scale bars, 50 um. Related to

Figure S5.
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Figure 6: High dermal SHH activation in early Wnt-active cells deterministically reproduces
events of DC genesis over more intermediates

(A) E14.5 control and SmoM?Z2YFPwhole mount showing proliferative mutant Sox2+
clusters. (B) Number of Sox2+ cells per dermal cluster in control and SmoM2YFPat E14.5
and E15.5. (C) Diffusion maps of E14.5 control and SmoMZ2YFP cells. (D) Pseudo-order
with Regions 1 and 2 demarcated. (E) FISH of E14.5 control and mutant showing virtually
all Sox2+ cells co-express Ptchland Lefl. (F) Pseudo-order of indicated genes in mutant
and control. (G) E14.5 FISH showing EdU, Sox2, and Dkk1. (H) FISH at E15.5 after EAU
pulse in control and SmoMZ2YFPskin. (1) FISH 24 hours after EJU chase. (J) %EdU+
cells by population in E14.5 mutant and control. (K) %EdU+ of Sox2+ cells at E15.5 after
EdU pulse or 24-hour chase. (L) E14.5 SmoM2 BcatfEX3 FISH showing Sox2+ clusters in
upper and lower dermis that co-express Ptchl and Lefl. (M) Sox2+ clusters with %EdU+
of indicated populations by condition at E14.5. (N) Depiction of transition rate and number
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of intermediates affected by modulating SHH and Whnt signaling. Data as mean + SEM,
one-way ANOVA. Scale bars, 50 pm. Related to Figure S6 and S7.
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Figure 7: The spatial patterning of SHH and Whnt signaling gradients regulates the number of
transitioning intermediates

(A) E13.5 whole mounts across indicated conditions. (B) FISH of E13.5 embryos by
condition showing increased Lef1 levels in SmoM2and SmoM2YFP;Bcaf”EX3 embryos.
(C) Number of Sox2+ cells per cluster by condition. (D) Average LefZ levels by condition
parsed by Pfchl mutant status. (E) % EdU+ cells in upper dermis by condition and Prchi
status. (F) Model plots illustrating that the spatiotemporal distance between threshold levels
of Wnt and SHH signaling determines the number of transitioning intermediates and the
length of transition to DC status. Bottom, depiction of the transition pseudo-order across
conditions dependent on levels of SHH and Wnt signaling (orange, DC markers; blue,
transitioning state; dashed lines, SHH and Wnt thresholds). Data as mean = SEM, one-way
ANOVA, scale bars, 50 um. Related to Figure S7.

Dev Cell. Author manuscript; available in PMC 2023 April 25.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Quetal.

Key resources table

Page 32

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Goat anti-Pcadherin

R&D Systems

Cat#AF761; (RRID:AB_355581)

Chicken anti-GFP Abcam Cat#Ab13970; (RRID:AB_300798)
Rabbit anti-Sox2 Abcam Cat#Ab97959; (RRID:AB_2341193)
Rabbit anti-Sox9 Millipore Cat#Ab5535; (RRID:AB_2239761)

Chicken anti-RFP

Novus Biologics

Cat#NBP1-97371 (RRID: AB_11139267)

Rabbit anti-RFP Rockland Cat# 600-401-379 (RRID: AB_2209751)
Ki-67 Monoclonal Antibody (SolA15) Invitrogen Cat#14-5698-82 (RRID: AB_10854564)
Goat anti-rat Alexa Fluor 647 Invitrogen Cat# A-21247 (RRID:AB_141778)
Donkey anti-rat Alexa Fluor 488 Invitrogen Cat#A-21208 (RRID: AB_141709)

Donkey anti-rabbit Alexa Fluor 488

Thermo Fisher Scientific

Cat#A21206; (RRID:AB_2535792)

Donkey anti-goat Alexa Fluor 488

Thermo Fisher Scientific

Cat#A11055; (RRID:AB_2534102)

Donkey anti-rabbit Alexa Fluor 568

Thermo Fisher Scientific

Cat#A10042; (RRID:AB_2534017)

Goat anti-rabbit Alexa Fluor 647

Thermo Fisher Scientific

Cat#A27040; (RRID:AB_2536101)

Chemicals, peptides, and recombinant proteins

Hoechst Invitrogen H3570

DAPI solution Novus Biologicals Cat#NBP2-31156
Tamoxifen Sigma Aldrich Cat#T5648

EdU (5-ethynyl-2-deoxyuridine) Thermo Fisher Scientific Cat#E10187
Critical commercial assays

Click it EAU Imaging Kit 555 Invitrogen Cat#C10338
Click it EAU Imaging Kit 488 Invitrogen Cat#C10337
RNAscope® Multiplex Fluorescent Detection Kitv2 | ACDBio Cat#323110

Deposited data

Raw sequence data files

NCBI Gene Expression Omnibus

GEO: GSE198487

Experimental models: Organisms/strains

Mouse: PDGFRaCreER Collins et al, 2011 N/A
Mouse: B-catenin EX3/+ Harada et al, 1999 N/A
Mouse: Axin2CreER Amerongen et al, 2012 N/A
Mouse: Fucci2 Abe et al, 2013 N/A
Mouse: K14Cre Dassule et al., 2000 N/A
Mouse: Shh flox/flox Lewis et al., 2001 N/A
Mouse: R26R-LSL-SmoM2YFP Jeong et al., 2004 N/A
Mouse: Smo flox/flox Long et al, 2001 N/A
Mouse: Fgf20 lacZ/lacZ Huh et al., 2012 N/A
Mouse: Dkk1CreER PI: Yale Transgenic Core N/A
Mouse: R26R-LSL-tdTomato Madisen et al., 2010 N/A

Dev Cell. Author manuscript; available in PMC 2023 April 25.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Quetal.

Page 33

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Mouse-Bmp4 ACDBIo Cat#401301

Mouse-Axin2 ACDBio Cat#400331

Mouse-Dkk1 ACDBIio Cat#402521

Mouse-Edar ACDBio Cat#423011

Mouse-Cdknla ACDBio Cat#408551

Mouse-Ptchl ACDBio Cat#402811

Mouse-Lefl ACDBio Cat#441861

Mouse-Sox2 ACDBio Cat#401041

Mouse-Fgf20 ACDBIo Cat#526391

Mouse-Shh ACDBio Cat#314361

Mouse-EYFP ACDBIio Cat#312131

Mouse-Ccna2 ACDBio Cat#442661

Software and algorithms

Adobe photoshop CC 2020 Adobe Systems http://www.adobe.com/products/photoshop.html
Adobe lllustrator CC 2020 Adobe Systems http://www.adobe.com/products/illustrator/

features.html

Fiji National Institutes of Health https://imagej.net/software/fiji/
R R Core Team https://www.r-project.org/
rARPACK R Package https://cran.r-project.org/web/packages/

rARPACK/index.html

Differential Abundance analysis

Landa et al, 2020

https://arxiv.org/abs/2011.03418

Seurat

Macosko et al, 2015

http://satijalab.org/seurat/

GraphPad Prism 9.1.0

GraphPad software

https://www.graphpad.com/scientific-software/
prism/
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