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transition of Msx1* naive progenitors into
either proximal or autopodial progenitors.
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SUMMARY

Limb development has long served as a model system for coordinated spatial patterning of progenitor cells.
Here, we identify a population of naive limb progenitors and show that they differentiate progressively to form
the skeleton in a complex, non-consecutive, three-dimensional pattern.

Single-cell RNA sequencing of the developing mouse forelimb identified three progenitor states: naive, prox-
imal, and autopodial, as well as Msx1 as a marker for the naive progenitors. In vivo lineage tracing confirmed
this role and localized the naive progenitors to the outer margin of the limb, along the anterior-posterior axis.
Sequential pulse-chase experiments showed that the progressive transition of Msx7* naive progenitors into
proximal and autopodial progenitors coincides with their differentiation to Sox9* chondroprogenitors, which
occurs along all the forming skeletal segments. Indeed, tracking the spatiotemporal sequence of differenti-
ation showed that the skeleton forms progressively in a complex pattern. These findings suggest an alterna-

tive model for limb skeleton development.

INTRODUCTION

Limb development has long served as a model system for study-
ing organ formation. Extensive research has identified key com-
ponents in the genetic program that controls both patterning and
differentiation of the different limb tissues, as well as the complex
signaling involved in regulating this genetic program.’™” These
studies have produced the basic concepts of how progenitor
cells pattern and differentiate along the three axes to form a
complex functional organ.®"°

The mouse forelimb starts to develop around E9.5 as a small
outgrowth from the body wall. Initially, the limb bud comprises
seemingly homogeneous mesenchymal cells covered by a layer
of ectoderm. At the distal end, along the anterior-posterior (AP)
border, the ectoderm thickens to form the apical ectodermal
ridge (AER). As development proceeds, the limb is elongated
and the hand plate is formed. Concurrently, the development
of the limb skeleton is initiated, as mesenchymal cells form con-
densations that prefigure the future skeletal elements.

The vertebrate limb skeleton is organized in three segments:
stylopod, containing humerus in the forelimb or femur in the hin-
dlimb; zeugopod, comprising radius and ulna or tibia and fibula;
and autopod, comprising the wrist or ankle and digits. Surgical
removal of the AER during early wing-bud development resulted
in severe truncation of the distal elements. Moreover, the later

the AER was removed, the more distal elements were formed.
These findings led to the perception that the skeletal elements
of the limb form in a proximal-to-distal order under the regulation
of the AER."""'2 Several models have attempted to explain this
mode of development.® The progress zone model is named after
a distal domain under the AER, where limb progenitor cells are
postulated to be located. "' According to this model, the longer
these progenitors spend in the progress zone, the more distal
their progeny become. Once the cells exit this domain, their
fate is determined. Thus, the first cells to leave the progress
zone form the stylopod, the next to leave form the zeugopod,
and the cells that exit last form the autopod.’'"'° An alternative
model posits that progenitors of the limb segments are specified
early in development, organized in three parallel stripes, and then
expand progressively in a proximodistal order.'*'® The two-
signal model suggests that proximal and autopod progenitors
are specified by two opposing signals deriving from the flank
and AER, respectively. Later on, as the limb bud grows, a third
domain of the zeugopod is formed in the middle.'®'®

Recently, several works have studied mouse and chick limb
development at single-cell resolution.'®2* Despite their findings,
fundamental aspects of this process are still missing. For
example, the identity of limb progenitors and their spatial distribu-
tion are unclear, as we lack marker genes to identify them. The
temporal changes the transcriptome of these progenitors undergo
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during development and the sequence by which they differentiate
to form the limb skeleton have yet to be uncovered too.

In this work, we establish a single-cell census of the devel-
oping limb and characterize limb progenitors. We identified three
populations of limb progenitors, namely naive, proximal, and
autopodial. We established Msx1 as a marker for the naive pro-
genitors and their location in the outer margin of the developing
limb, along the AP axis. We then showed that these Msx7* naive
progenitors transit progressively and simultaneously into either
proximal or autopodial progenitors. Moreover, the progressive
contribution of these progenitors to the forming skeleton occurs
simultaneously all along the proximal-distal (PD) axis of the limb.
Finally, temporal analysis of the differentiation of Msx1 lineage
cells identified that the skeleton forms in a complex non-consec-
utive three-dimensional (3D) pattern, which extends to the level
of the single element.

RESULTS

Single-cell RNA sequencing provides a comprehensive
cellular and molecular census of the major
mesenchyme-derived cell types of the developing limb
To identity limb mesenchymal progenitor cells and their differen-
tiation paths, we generated transcriptional maps of mesen-
chymal lineages in the developing limb between E10.5 and
E14.5 by applying massively parallel single-cell RNA-seq
(MARS-seq). To ensure representation of the different cell types
and differentiation states, including rare subpopulations, we
combined lineage and reporter-based single-cell analysis using
Sox9 and Scx, the earliest known markers for skeletal and
tendon cells, respectively.?*~2°

At E10.5, we sampled a Sox9-GFP transgenic mouse line and
collected both Sox9* and negative cells. Because Sox9 marks
multiple cell types,?’° to follow the dynamics of different line-
ages and to ensure the representation of tendons, we generated
a compound mouse model containing Sox9-CreER'?,%® tdTo-
mato,®" and Scx-GFP.*> Tamoxifen was administered at
different developmental stages between E9.5 and E12.5, and
samples were harvested 48 h later. Thus, we sampled four cell
populations: tdTomato-positive (Sox9" skeletal lineage), GFP-
positive (Scx* tendon cells), tdTomato-GFP double-positive
cells, and double-negative cells (other progenitors). Then,
32,000 quality-filtered cells (see STAR Methods) were subjected
to MARS-seq. We used the MetaCell algorithm®® to identify ho-
mogeneous and robust groups of cells, referred to as metacells
(MCs; see STAR Methods). MCs of non-lateral plate mesoderm
origin, such as red blood cells, muscle cells, and ectoderm-
derived cells, were excluded from the analysis (STAR Methods).
The remaining 250 MCs were grouped into 12 molecularly
distinct populations (Figures 1B-1F and S1).

To annotate the clusters, we performed differential gene
expression analysis using the chondrocyte markers Sox9,
Col2a, Wwp2, and Col9a2 and fibroblast markers Collal,
Col3al, Scx, Osr1, Dcn, and Lum.>* 2534739 Results showed
that subsets C1-C6 represent chondrocyte subpopulations
(Figures 1F, S1J, and S2; Data S1), and groups CTO-CT2 repre-
sent connective tissue fibroblast subpopulations (Figures 1F,
S1J, and S3; Data S1). Cells in subsets P1 and P3 expressed
neither fibroblast nor chondrocyte markers and were therefore

2 Developmental Cell 58, 1-17, April 10, 2023

Developmental Cell

annotated as mesenchymal progenitors (Figures 1C-1F). A large
gene signature defined these progenitor types, including His-
t1h2ao (Data S2), which was expressed by P1-P3 cells but not
by any of the differentiated cell types (Figures 1E and 1F). P1
cluster was characterized by co-expression of Msx1 and Lhx9,
transcription factors (TFs) that are expressed in limb mesen-
chyme and play a key role in limb patterning;*°~*? Hmga2, which
is widely expressed in undifferentiated cells during embryogen-
esis;**** Asb4; and Igdcc3, which was suggested to play a role
in early embryogenesis.*® Interestingly, these progenitors lacked
a spatial signature.

P2 cells expressed a gene module that largely overlapped with
that of P1; however, they lacked the expression of Msx1 and
Lxh9. Instead, they expressed high levels of Shox2, a TF that
acts as a patterning gene at the proximal limb bud;*® Dik7;
Zfhx3-4; Scx; and Col3a1. The P3 subset was characterized by
high expression of Hoxd13, Msx1, Lhx9, and Aldh1a2. The
known role of these genes in regulating autopod patterning sug-
gests that this cluster represents progenitors of the autopod.*’

Subsets CTO-CT2 were characterized by the expression of
Col5a1,Col3a1,Col1al, and Osr1, all of which are markers of con-
nective tissue/tendon.®**° In addition, these cells also expressed
Lgals1, which was implicated in modulating cell-cell and cell-ma-
trix interactions. Other identified markers were Kctd12, encoding
for a potassium channel, and tropomyosin (Tom1) (Figures 1F and
S1). Interestingly, CTO cells did not express the key tendon marker
Scx. Instead, this cluster shared several genes with P3, including
markers such as Msx1, Hoxd13, and Aldh1a2 (Figures 1F, S1J,
and S38), suggesting that P3 autopod progenitors give rise to
CTO cells. CT1 and CT2 were both characterized by the expres-
sion of tendon markers Scx, Dcn, and Lum.?%*° In addition, cells
of both clusters expressed the TF Zfhx4. Zfhx3 marked CT1
cells,*® whereas CT2 was marked by high expression of DIk1,
Igfbp5, and Sparc.**°"

In the chondrocyte compartment (Figures 1F, S1, and S2; Data
S1), subsets C1 and C2 displayed low expression levels of carti-
lage-specific ECM genes (cECM), such as Col2a1, Col9a1-3,
Col11a1-2, and Haplin1, indicating the early differentiation stage
of these clusters.?*?>5>%3 |n line with this, C1 displayed high
expression levels of Asb4, Shox2, Hmga2, and Igdcc3, which
marked cluster P2, suggesting that cluster C1 originates from
P2 cells. Cluster C2 displayed high expression of the TFs Ebf1
and Sfrp2, a soluble modulator of Wnt signaling, and of the auto-
pod marker Hoxd13, suggesting that this cluster represents early
autopodial chondrocytes. Subset C3 displayed expression of
Hoxd13, intermediate levels of cECM genes, and high Tgfbi
expression,” suggesting that it represents more mature autopo-
dial chondrocytes. Subset C4 displayed intermediate expression
levels of cECM genes in combination with several fibroblast
markers; specifically high expression of Col7a7; and low expres-
sion of Scx, Col3a1, and Lgals1. These results suggest a chon-
dro-tendinous identity of these cells.?®*?">° Subset C5 displayed
high expression levels of cECM genes along with the autopod
marker Hoxd13, thus representing the most mature state of
autopodial chondrocytes. Subset C6 displayed the highest
expression levels of all cECM genes, consistent with the most
differentiated chondrocytes.

To elucidate the temporal dynamics of identified cell popula-
tions, we examined cell-type composition during development
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Figure 1. Single-cell RNA sequencing of mouse forelimb mesenchymal cells during embryonic development

(A) Scheme showing the experimental design. At E10.5, Sox9-GFP embryos from 3 females were used to separate between GFP-positive and -negative cells.
Additionally, cells were collected from Sox9-CreER"2;tdTomato;Scx-GFP embryos from 2 females without Cre activation. E11.5-E14.5 forelimbs were from
Sox9-CreER™:tdTomato;ScxGFP embryos (E11.5-E12.5, 4 females per stage; E13.5-E14.5, 5 females per stage). Sox9* cells were labeled by tamoxifen
administration 48 h before harvesting. Collected cells were sorted into tdTomato*GFP~, tdTomato~ GFP™, double-positive and double-negative cells. Forelimbs
of embryos from the same litter were pooled together. Overall, we analyzed six forelimbs per litter at E10.5 (total 30 forelimbs) and E11.5 (total 24 forelimbs), four
forelimbs per litter at E12.5 (total 16 forelimbs) and E13.5 (total 20 forelimbs), and two forelimbs from one E14.5 embryo per litter (total 10 forelimbs).

(B) k-nearest neighbors (k-NN) graph of 26,131 mesenchymal cells.

(C-E) The 250 metacells were subdivided into three main cell populations, as shown by log,-fold change in gene expression of Col2a1 (C), Col1a1 (D), and
Hist1h2ao (E) genes projected onto the k-NN graph.

(F) Heatmap showing log,-fold change in expression of differentially expressed marker genes in 12 transcriptionally distinct cell populations.

(G) Plot showing the percentage of the different cell types at each developmental stage, color-coded as in (B) and (F).

See also Figures S1-S3, Table S1, and Data S1 and S2.
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Figure 2. Characterization of mesenchymal progenitor cells

(A) k-NN graph of 10,241 progenitor cells, grouped into three subsets. Dots represent single cells, which were annotated and color-coded as in Figure 1B.
(B) Heatmap showing hierarchical clustering of 175 genes that were most variably expressed by progenitor cells into four modules, based on gene-gene
Pearson’s correlation. Representative genes are indicated for each gene module.

(C) Graph showing the relative contributions of cells at various developmental stages to the total gene expression in each module.

(D) Scatterplot showing the distribution of autopodial (x axis) and proximal (y axis) scores in progenitor metacells.

(E) Scatterplot showing the distribution of stemness (x axis) and late (y axis) scores in progenitor metacells.

(legend continued on next page)
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and found dramatic changes (Figure 1G; Table S1). While P1 was
the most abundant cell population at E10.5, it virtually disap-
peared by E13.5. Proximal progenitors (P2) constantly
decreased from E10.5 until E14.5. Conversely, autopodial pro-
genitors (P3) have dramatically increased by E12.5 and then
started to decline. Early proximal chondrocytes (C1) were
already identified at E10.5, became more abundant at E11.5,
and declined thereafter. Early autopodial chondrocytes (C2) first
appeared at E11.5, concurrently with the appearance of tendon
fibroblasts CT1 and CT2, and became more abundant at E12.5
when more mature chondrocytes (C3-C6) and CTO cells ap-
peared. At E13.5, we observed a decrease in C2, whereas the
abundance of mature chondrocytes (C3-C6), CT1, CT2, and
CTO continued to increase. By E14.5, C2 continued to decrease,
and C3 and CT1 displayed a slight reduction, while C4-C6, CT2,
and CTO further increased.

Overall, these data identify the main mesenchyme-derived
cells types in the developing limb, as well as specific markers
for these types. We identified three populations of progenitors,
including autopodial and proximal progenitors and a third pro-
genitor population that lacks spatial signature. Interestingly, we
failed to identify a zeugopodial progenitor population. Finally,
the gradual reduction in progenitor cells and increase in differen-
tiated cells suggest a progressive differentiation process in the
developing limb.

Characterization of limb progenitors
To gain insight into transcriptional and molecular mechanisms
regulating the three identified progenitor subpopulations
(Figure 2A), we computationally extracted annotated MCs from
these cells and computed the Pearson’s correlation coefficients
for each pair of genes across all cells (see STAR Methods). Hier-
archical clustering of the correlation matrix (Figure 2B; Data S3)
identified four gene modules. Module 1 was enriched for compo-
nents of signaling pathways such as TGF-B/activin and BMP
(Bmp2, Gdf5, DIx5, DIx6, Inhba, and Bambi), Wnt (Wnt5a), and
Fgf (Fgf12 and Sp9), as well as for retinoic acid synthesis en-
zymes (Aldh1a2 and Rdh10). This module also contained several
TFs that regulate limb patterning (Msx1, Msx2, Lhx2, and Lxh9)
as well as TFs that are essential specifically for autopod
patterning, such as Hoxa13, Hoxd13, Hoxd12, Tfap2a, and
Tfap2b,°®°" thus representing an autopodial genetic program.
Module 2 was enriched with genes involved in matrix formation
(ccdc80, Lox, and Eln) and calcium binding proteins (Egfi6,
Sned1, Sparc, and Piezo2) as well as with Wnt signaling compo-
nents Dkk2 and Fzd8, likely representing a progressive stage of
cell differentiation.

Module 3 was enriched for several signaling pathways, such
as Wnt (Rspo4) and BMP (Grem1), and a subset of homeobox

¢ CellP’ress

genes including Hoxd4, Hoxd8, Hoxd9, Hoxa11, and Shox2.
Interestingly, this module was also enriched with genes associ-
ated with the maintenance of pluripotency and stem cell
function, including Igdcc3, Sall4, Lin28b, Tfapc2, and Trim71,
consistent with a stemness genetic program.®’°” Module 4
was enriched for signaling pathways such as Igf (Igf2, Igfbp5,
Igfbp3, and Igf1) and Wnt (Ror1 and Dact1). Additionally, it
contained proximally expressed genes such as Meis1, Meis2,
Pkdcc, Meox1, Pitx2, Emx2, and Irx3, thus representing a prox-
imal gene program.’”®®""® |nterestingly, module 4 also con-
tained genes associated with tendon and connective tissue
formation, such as Scx, Tcf15, Osr2, and Cxcl12.”%77

We next examined the temporal activity of these four modules
(Figure 2C). Results showed that 8% of the autopodial module 1
gene expression came from E10.5 cells, 12% from E11.5 cells,
and 25%-27% from E12.5-E14.5 cells. These results suggest
that autopodial gene program is detectable already at E10.5 cells
and becomes more prominent at E12.5-E14.5. In module 2, 8%
of the gene expression was associated with E10.5 cells, with a
constantly increasing contribution at later developmental stages
(15% at E11.5,19% at E12.5, 24% at E13.5, and 34% at E14.5),
suggestive of a late genetic program. In the stemness module 3,
45% of gene expression was associated with E10.5 cells, fol-
lowed by a decline in contribution at later stages (28% at
E11.5, 12% at E12.5, 8% at E13.5, and 6% at E14.5). These re-
sults indicate that cells turn off the expression of stemness genes
as development proceeds. Proximal genes of module 4 were ex-
pressed throughout this period, as shown by the contribution of
cells at all developmental stages (27% E10.5, 26% E11.5, 16%
E12.5, 14% E13.5, and 16% E14.5).

Next, we utilized our gene module information to classify the
three identified progenitor populations by calculating scores of
each module for each MC. Examination of proximal (4) vs. auto-
podial (1) module scores showed that MCs of proximal P2 and
autopodial P3 were completely separated (Figure 2D). P2 was
enriched with proximal module genes, whereas P3 was enriched
with autopodial module genes, further confirming our annota-
tion. Interestingly, P1 MCs had low levels of both proximal and
autopodial scores, with some MCs overlapping with proximal
or autopodial MCs. This suggests that these cells transit into
proximal and autopodial progenitor states. Moreover, P1 MCs
had higher stemness module (3) scores, as compared with P2
and P3, which had intermediate and high late module (1) scores,
respectively (Figure 2E), further supporting the naive state of P1.
Finally, examination of proximal and stemness scores showed a
clear separation between the three progenitor groups. P1 was
characterized by high-to-intermediate stemness score com-
bined with low proximal scores, whereas P2 was characterized
by intermediate stemness scores combined with high proximal

(F) Volcano plot showing differentially expressed genes between P2 and P3 cells, presented as expression fold change (x axis) and p value (y axis, —logo scale).
The five most significantly differentially expressed genes and the two established proximal markers Meis1 and Meis2 are indicated by red dots.

(G) Scatterplot showing the differences in Shox2 (x axis) and Hoxd13 (y axis) expression across progenitor metacells.

(H) Volcano plot showing differentially expressed genes between P1 and P2 cells, presented as expression fold change (x axis) and p value (y axis, —logo scale).
The three most significantly differentially expressed genes are indicated by red dots.

(I) Scatterplot showing the differences in Msx1 (x axis) and Hoxd13 (y axis) expression across progenitor metacells.

(J-L) Maximum intensity projection (MIP) images of E10.5 (J), E11.5 (K), and E12.5 (L) whole-mount forelimbs stained for Msx1 (green), Shox2 (blue), and Hoxd13
(red) mRNA, using in situ HCR and imaged by light sheet microscopy. At each stage, n = 2.

See also Figure S4, Data S1 and S3, and Videos S1, S2, and S3.
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scores. P3 displayed the lowest levels of both proximal and
stemness scores (Figures S4A and S4B).

To identify the in vivo spatiotemporal distribution of these pro-
genitors during limb development, we searched for specific
markers for the three progenitor populations. For that, we first
analyzed the most differentially expressed genes between prox-
imal and autopodial progenitors. As shown in Figures 2F and 2G
and Data S1, Shox2 and the known proximal markers Meis1 and
Meis2 were upregulated in proximal progenitors, whereas
Tfap2b, Hoxd13, Hoxa13, and Msx1 were among the most differ-
entially expressed genes in autopodial progenitors. We selected
Shox2 and Hoxd13 for our in situ experiments because of their
higher expression levels. Naive progenitors displayed signifi-
cantly lower levels of Hoxd13 (1.3-fold, p = 10.7 —log4o; Data
S1). A comparison of gene expression between naive and prox-
imal subpopulations showed that Msx7 was among the most
differentially expressed genes by P1 cells (Figure 2H; Data S1).
Because Msx1 was also expressed by P3 cells, we examined
the combination of Msx7 and Hoxd13. As seen in Figure 2l, this
combination clearly separated between P1 and P3 MCs. Thus,
we defined Msx1*/Hoxd13~ cells as naive progenitors, Shox2*
cells as proximal progenitors, and Msx7*/Hoxd13* as autopodial
progenitors.

Next, we conducted whole-limb ftriple in situ hybridization
chain reaction (HCR) using Msx1, Shox2, and Hoxd13 probes.
As seen in Figure 2J, at E10.5, Msx1 was expressed in the outer
margin of the limb forming an arc-like pattern along the AP axis.
The arc extended both dorsally and ventrally from the AP midline,
more so dorsally (Figures S4C-S4E). At the anterior-proximal
side of the arc, the Msx7 expression domain was the widest
(Figures 2J, S4F, and S4G). At the dorsal side, the most posterior
Msx1 expression domain overlapped with the Hoxd13 expres-
sion domain, demarcating the location of the autopodial progen-
itors (Figures 2J, S4H, and S4l; Video S1). Shox2 proximal
progenitors were found at the core of the limb bud, encircled
by the Msx1 expression domain.

At E11.5 (Figures 2K and S4J-S4P), the arc-like pattern of
Msx1 expression along the AP axis was maintained, as were
the size asymmetries along the AP and dorsal-ventral (DV)
axes. The overlap between Msx1 and Hoxd13 expression do-
mains expanded dorsally and ventrally as well as anteriorly,
occupying the most distal front of the limb (Video S2). The
Shox2 expression domain extended throughout most of the
proximal limb segment.

At E12.5 (Figure 2L), the Msx1 arc-like expression domain was
still visible. Msx7 and Hoxd13 expression domains (Video S3)
occupied the interdigital space and most of the outer margin of
the autopod, with the exception of the anterior region of the
developing thumb and a small posterior region, which were pos-
itive only for Msx1 (Figures S4Q and S4R). The Shox2 expression
domain occupied most of the proximal limb segment. Areas of
overlap between Shox2 and Msx1 and between Msx71 and
Hoxd13 were observed for several days, supporting the transi-
tion of P1 cells into either P2 or P3 cells, as suggested by our
analysis.

Together, these results suggest that P1 represents naive mul-
tipotent progenitor cells, which are marked by Msx7 and are
located in the outer margin of the forming limb. These progeni-
tors differentiate into P2 proximal progenitors, marked by
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Shox2, and P3 autopodial progenitors, which are co-marked
by Msx1 and Hoxd13. The observed coexistence of P2 and P3
cells at E10.5-E12.5 suggests that this transition occurs over
several developmental days. Because P2 and P3 represent
two spatially distinct domains, our data also suggest that the
transition of P1 cells into P2 and P3 cells occurs in two locations
in parallel. In the following, the temporally continuous transition
will be referred to as “progressive,” whereas the spatially parallel
transition will be termed “simultaneous.”

Msx1 marks the naive progenitors of the limb

A central hypothesis raised by our single-cell data is that the TF
Msx1 marks the most naive limb mesenchymal progenitors. If so,
this TF should be expressed at the onset of limb development,
and its lineage should give rise to all mesenchyme-derived tis-
sues, including cartilage, tendon, and muscle connective tissue.
To test this prediction, we first studied the expression of Msx1 at
E9.5, the onset of limb development. As seen in Figure 3A and in
agreement with previous studies,”® Msx7 expression was
observed in the cells of the forming forelimb. To examine directly
the contribution of the Msx7 lineage to the different mesen-
chymal limb tissues, we utilized the Msx1-CreER™ knockin
mouse line’® crossed with Rosa26-tdTomato®" and Scx-GFP*
mice. As seen in Figures 3B-3F, a single dose of tamoxifen at
E9.5 marked cells of the entire skeleton, tendons, and muscle
connective tissue in the E14.5 forelimb. These results support
the hypothesis that Msx7 marks the naive progenitors and
confirm the high efficiency of the Msx7-CreER"® knockin allele
in activating the Rosa26-tdTomato reporter.

To demonstrate in vivo the progressive transition of Msx7*
naive progenitors into proximal and autopodial progenitors, we
combined sequential pulse-chase genetic lineage tracing, using
the Msx71-CreER"?;Rosa26-tdTomato mice, with whole-mount in
situ HCR for Msx1 and Shox2. The sequential short (30 h) chase
periods identified the temporal dynamics of Msx1* cell differen-
tiation, whereas in situ HCR for Msx1 provided the position of the
naive progenitors at the end of the chase. To mark proximal pro-
genitors, we performed HCR for Shox2.

At E10.5, while restricted Msx1 expression was observed at
the outer margin of the limb along the AP axis, tdTomato signal
was detected throughout the limb, including in Msx7* cells.
Shox2 expression was observed in tdTomato™Msx1~ cells,
which were surrounded by tdTomato*Msx1* cells (Figure 4A).
These results indicate that at that stage, some of the pulsed cells
maintained their naive state mostly at the margin of the limb,
whereas the center was occupied by Msx7 lineage cells that
had lost their naive state and adopted a new fate, some as prox-
imal progenitors. At E11-E11.5, Msx1 expression in the outer
margin of the limb was maintained, whereas tdTomato-express-
ing cells were found in the anterior-proximal domain but not in
the proximal posterior domain. Shox2 expression was observed
in the center of the limb, overlapping the tdTomato signal except
at the posterior side. These results demonstrate the transition of
Msx1 naive progenitors into proximal progenitors between E10.5
and E11.5 (Figures 4B and 4C). At E12.5, Msx1 expression was
observed in the autopod margin and interdigital space, demar-
cating metacarpals 2-5. tdTomato-expressing cells were found
in the autopod margin and a few in the anterior-proximal domain.
Shox2 expression was observed in the proximal limb, stylopod,
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Figure 3. Msx1 marks the naive progenitors
of the limb

(A) Optical section through E9.5 embryo stained for
Msx1 mRNA (green), using in situ HCR, counter-
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and zeugopod, where the anterior and posterior sides adjacent
to the autopod overlapped partially with the tdTomato signal
(Figure 4D), demonstrating that the transition was still taking
place between E11.5 and E12.5. Expression of Msx1 also by au-
topodial P3 progenitors raised the possibility that proximal P2
cells are derived from P3 as well. However, P3 cells also ex-
pressed Hoxal3, whose lineage was previously shown to
contribute only to the autopod,” negating this possibility.

Finally, we examined cell fate stability of Msx7*naive progen-
itors during development. For that, we compared gene expres-
sion between progenitors from different time points. As seen in
Figures S5A-S5F, Igdcc3, Asb4, and Hmga2 were found to be
highly expressed by E10.5 and E11.5 P1 cells, as compared
with later stages, whereas E12.5 P1 cells displayed higher
expression of the autopodial marker Hoxd13. A comparison be-
tween E12.5 and E13.5 P1 cells did not identify differentially
expressed genes. Overall, this analysis indicates that naive pro-
genitors largely maintain their transcriptional program, with mild
change.

Together, these results confirm that Msx7* progenitors give
rise to all mesenchyme-derived tissues of the limb. We demon-
strated the progressive transition of Msx71* naive progenitors to
proximal progenitors, which takes place for several days,
concomitantly with autopod development. Moreover, we
showed that the addition of new proximal progenitors took place
mainly on the anterior side and to a lesser extent on the poste-
rior side.

stained with DAPI (gray) and imaged by light sheet
microscopy (n = 2). Dashed white square de-
marcates the forelimb. (A’) Magnification of dashed
white square in (A).

(B) Scheme showing the design of the pulse-chase
cell lineage experiment (g, gavage).

(C-F) Optical sections through scapula (C), stylo-
pod (D), zeugopod (E), and autopod (F) (n = 3).
Tendons are visualized by Scx-GFP (green), carti-
lage is visualized by in situ HCR staining of Sox9
mRNA (gray). Whole forelimbs were imaged by
light sheet microscopy.

Differentiation of Msx1 lineage cells
to Sox9* chondroprogenitors

occurs progressively and
simultaneously along the different
skeletal segments

Having found progressive differentiation
of Msx1* naive progenitors, we pro-
ceeded to study the differentiation
dynamics of this lineage into chondropro-
genitors by comparing the expression of
Msx1 to that of Sox9, the earliest known
chondro-osteogenic marker.?*?"*> For
that, we established a chondrogenic
gene module anchored to Col2al, a
bona fide chondrogenic marker,?° and
used it to compute a chondrogenic score. Cells from each day
were ordered by chondrogenic score and binned into 65 bins.
The mean expression of Sox9 and Msx1 was calculated for
each bin, and trend line and confidence interval were calculated
(see STAR Methods). This analysis identified that at all sampling
time points, cells with low chondrogenic score expressed high
levels of Msx1 and low levels of Sox9. As cells progressed
through differentiation, Sox9 expression was upregulated as ex-
pected, while Msx1 expression was downregulated (Figures 5A
and 5B). The differentiation sequence of Msx1* naive progenitors
into fully differentiated chondrocytes was further supported by
pseudotime and lineage reconstruction analysis using Slingshot
(Figures S6A-S6F).

To validate this, we performed in situ HCR for Sox9 and Msx1
on E10.5-E12.5 forelimbs. As seen in Figures S6G-S6I and in
agreement with the single-cell results, the expression domains
of Msx1 and Sox9 were mutually exclusive, with slight overlap
at the borders likely representing the transitional stage.

Our data analysis indicated that the differentiation of Msx1
naive progenitors into Sox9-expressing chondroprogenitors
has taken place on each of the examined days, suggesting
that it is a progressive process. To demonstrate in vivo the
spatiotemporal dynamics of this process, we combined sequen-
tial short (30 h) pulse-chase experiments, using the Msx7-
CreER™%;Rosa26-tdTomato mice, with whole-mount in situ
HCR for Msx1 and Sox9. At E10.5, Msx1 lineage cells populated
the entire limb. Sox9 expression was observed in the center of
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the limb, within a tdTomato*Msx1~ domain, which was sur-
rounded by tdTomato*Msx1* cells at the margin (Figure 5C). Ex-
amination at E11.5 showed that Msx17 lineage cells populated
most of the limb, excluding the most proximal posterior
domain. The Sox9 expression domain was observed in the
center of the limb. Interestingly, the Sox9 expression domain
overlapped with tdTomato*Msx1~ cells along the entire forming
skeleton, mostly on the anterior side (Figures 5D and 5D’).
tdTomato*Msx1™ cells were located at the autopod margin, sur-
rounding the distal Sox9 expression domain. At E12.5, Msx1 line-
age cells were observed at the autopod margin, with a small
proximal extension on the anterior side. Sox9 expression
demarcated the humerus, radius, ulna, and five metacarpals.
Sox9 expression overlapped with tdTomato*Msx1~ cells at the
distal anterior radius, metacarpals 1 and 5, and tips of metacar-
pals 2-4. Areas of overlap between Sox9 expression and
tdTomato*Msx1* cells were detected in the lateral side of meta-
carpals 2-4 and at all metacarpal tips (Figures 5E and 5E').

Overall, these results support the temporally progressive dif-
ferentiation of Msx1 lineage cells not only into proximal and au-
topodial progenitors but also into Sox9* chondroprogenitors.
Moreover, this process is not restricted spatially, but it rather
occurs simultaneously along all segments of the developing
skeleton.

The skeleton forms progressively and non-
consecutively in a complex three-dimensional pattern
Our observation of simultaneous differentiation of Msx7* naive
progenitors into chondroprogenitors in all the developing skel-
etal segments prompted us to reexamine the order by which
these segments form. The finding that Msx7 expression is
lost once the naive progenitors differentiate provided us with
a unique opportunity to address this question. We postulated
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Figure 4. Msx1* naive limb progenitors pro-
gressively differentiate into proximal or au-
topodial progenitors

Pulse-chase experiment using Msx1-CreER'?;
Rosa26-tdTomato mice. Msx1* cells were labeled
by tamoxifen administration at E9.5 (A), E10.5 (B),
E11(C), or E11.5 (D); and forelimbs were harvested
30 h later. MIP images of whole-mount forelimbs
stained for Msx1 (green) and Shox2 (blue) mMRNA,
using in situ HCR, and imaged by light sheet mi-
croscopy. At each stage, n = 2; g, gavage.

See also Figure S5.

that the first element to form would be
composed of descendants of progeni-
tors that lost Msx7 expression first,
whereas the last element to form would
derive from progenitors that were last
to lose Msx1 expression. To follow
temporally the loss of Msx7 expression
by naive progenitors, we performed
consecutive pulse-chase lineage tracing
experiments by administering single
doses of tamoxifen to Msx1-CreER™?;
Rosa26-tdTomatomice at E9.5, E10.5,
E11.5, or E12.5. To determine the spatial distribution of
tdTomato-positive cells in the forming skeleton, we cleared
limbs of E13.5 embryos and imaged them using light sheet
microscopy.

As seenin Figure 6A, tamoxifen administration at E9.5 resulted
in tdTomato labeling of the entire skeleton. However, pulsing at
E10.5 (Figure 6B) resulted in loss of tdTomato signal in most of
the scapula, ventral humerus (Figure S7A), and radius. tdTomato
signal was observed in the acromion, humeral head and deltoid
tuberosity, dorsal humerus, ulna, and in the entire autopod
(Figures 6B and S7B). Pulsing at E11.5 (Figure 6C) resulted in
loss of tdTomato signal in acromion and humeral shaft and in
metacarpals of digits 3 and 4 (Figure S7C). Still, tdTomato signal
was detected at the humeral head and deltoid tuberosity, radius,
and most of the digits. Finally, following pulsing at E12.5 (Fig-
ure 6D), tdTomato signal was lost in the radius and metacarpals,
but it remained at the tips of the growing digits (Figure S7D).
These results indicated that the skeleton forms progressively in
a complex pattern and not linearly along the PD axis.

Next, we examined in greater detail the tdTomato signal in the
humerus and radius. As seen in Figures 6E and 6M”, in the hu-
merus, pulsing at E10.5 led to the loss of tdTomato signal at the
ventral side from head to medial epicondyle, whereas the dorsal
side was tdTomato-positive from head to lateral epicondyle.
Following pulsing at E11.5, the areas of the humerus that lost
tdTomato signal were in the dorsal shaft and lateral epicondyle,
whereas the deltoid tuberosity and the dorsal side of humeral
head were still tdTomato-positive (Figures 6J-6N"). In the
radius, tamoxifen administration at E10.5 resulted in tdTomato
labeling throughout the bone (Figures 60-6S"). However, puls-
ing at E11.5 resulted in loss of tdTomato signal in almost the
entire ventral side, with few labeled cells on its distal tip (Fig-
ure 6T). On the dorsal side, the proximal posterior side of the
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Figure 5. Spatiotemporal analysis of the differentiation of Msx1* progenitors into Sox9* cells

(A and B) Graphs showing the expression of Sox9 (A) and Msx1 (B) by progenitor cells and chondrocytes that were ordered by chondrogenic scores.

(C-E) Pulse-chase experiment using Msx1-CreER"?;Rosa26-tdTomato mice. Msx1* cells were labeled by tamoxifen administration at E9.5 (C), E10.5 (D) and (D),
or E11.5 (E) and (E'); and forelimbs were harvested 30 h later. MIP images of whole-mount forelimbs stained for Msx1 (green) and Sox9 (gray) mRNA, using in situ
HCR, and imaged by light sheet microscopy. (D') and (E') are magnifications of the dashed white squares in (D) and (E), respectively. At each stage, n = 2; g,

gavage.
See also Figure S6.

radius was mostly tdTomato-negative, while the anterior side still
displayed extensive labeling (Figures 6U-6X"). These results
indicate that the ventral side of the radius forms first, followed
by a diagonal AP direction of dorsal radius formation. Thus, the
results from these two bones are consistent with a complex
pattern of skeletal formation (Figures 6Y and 6Z).

To validate the results of the Msx7 lineage experiments, we
examined the spatiotemporal dynamics of chondroprogenitor
differentiation in the limb by following the induction of Sox9 expres-
sion. For that, we used the Sox9-CreER’? mice, which were previ-
ously shown to efficiently drive the expression of Rosa26-lacZ
reporter in the developing skeleton.”® Because both our single-

cell and lineage studies have shown that at E10.5, only part of
the Sox9 chondroprogenitors were differentiated (Figure 6B), we
activated Cre activity at this time point and harvested the limbs
30 and 72 h afterward. E11.5 whole limbs were stained for Sox9
mRNA using in situ HCR, whereas E13.5 whole limbs were stained
for SOX9 protein and imaged using light sheet microscopy. At 30 h
post-induction (Figures 7A-7E"), tdTomato signal was observed
in most of the scapula, and only on the ventral-posterior side of
the humerus and ulna, whereas the radius and autopod were tdTo-
mato-negative. At 72 h (Figures 7F-7J"), tdTomato labeling was
seen in most of the scapula, the entire humeral shaft, and ulna;
however, the acromion, humeral head, deltoid tuberosity, lateral

Developmental Cell 58, 1-17, April 10, 2023 9




Please cite this article in press as: Markman et al., A single-cell census of mouse limb development identifies complex spatiotemporal dynamics of
skeleton formation, Developmental Cell (2023), https://doi.org/10.1016/j.devcel.2023.02.013

¢ CellP’ress Developmental Cell

g99.5->E13.5 g10.5->E13.5 g11.5->E13.5 g12.5->E13.5

Msx1 lineage

Sox9

--
\ ---
i DT
_ B,
g R HD
T H” Qs
>
@]

Humerus Radius
Ventral Dorsal  Posterior Anterior Ventral Dorsal Posterior Anterior

S m

g10.5

g11.5

3y : :

> [ - 1 ! o

S ) : \ e

b ] 1 -

- =

S ; 1 s

> A S | . T
7 J 1

g | ! -~ -

< ' 1 -

= ! I ) -®

© : :

5 | | il

(&)

Differentiation sequence
E10.5 E11.5 E125 >E125

(legend on next page)

10 Developmental Cell 58, 1-17, April 10, 2023



Please cite this article in press as: Markman et al., A single-cell census of mouse limb development identifies complex spatiotemporal dynamics of
skeleton formation, Developmental Cell (2023), https://doi.org/10.1016/j.devcel.2023.02.013

Developmental Cell

and medial epicondyles, elbow, and most of the radius and digits
were tdTomato-negative. These results further support the notion
that the skeleton forms non-consecutively in a complex pattern
that involves not only the PD axis but also the DV and AP axes, ex-
tending to the level of the single element.

DISCUSSION

In this work, we revisit the long-standing question of the spatio-
temporal sequence of limb development using modern molecular
tools. We generated a comprehensive cellular census of the limb
mesenchymal cell lineages during development. Using this
census, we identified a population of naive progenitors and their
progressive and simultaneous transition into proximal and auto-
podial progenitors. We establish Msx7 as a marker of naive pro-
genitors and localize them to the outer margin of the developing
limb, along the AP axis. We then showed that the descendants
of these progenitors progressively contribute to the entire forming
skeleton. Finally, temporal analysis of the differentiation of naive
progenitors identified that the skeleton forms progressively in a
complex 3D pattern, which extends to the single element level.

In recent years, several groups have studied limb develop-
ment at a single-cell resolution in mice,'®*® chick,”° and
humans.®' While all these studies characterized the cell popula-
tions during different stages of limb development, the experi-
mental designs, tissue processing procedures, sequencing,
and downstream analyses varied greatly. These differences
have likely contributed to the identification of a large repertoire
of limb-forming cell types. On the other hand, the different con-
ditions used could have affected the relative proportions of these
cell types. In view of that, combining the data from all these
studies may provide a complete picture of the cellular composi-
tion of the developing limb.

In our work, to characterize the limb cell populations during
different stages of development, we sampled cells from the
entire limb daily, from E10.5 up to E14.5, using a marker-based
enrichment strategy. We then utilized the obtained data to
develop a model that describes the transition of limb progenitor
cells into cartilage cells both temporally and spatially. Our anal-
ysis identified three progenitor populations, namely naive, prox-
imal, and autopodial, as well as a set of marker genes for each
progenitor population.

For naive progenitors, we identified a set of markers that in-
cludes Msx1, Lhx2, Lhx9, and Lmo2. Importantly, these TFs
were shown to be regulated by FGF, BMP, and Shh signaling,
all major pathways that regulate patterning along the three limb
axes.?#28285 Using lineage studies, we validated Msx7 as a

¢ CellP’ress

marker for naive progenitors. This finding is in line with previous
studies that suggested Msx7 as a marker for progress zone
cells.®* % Interestingly, we found that the naive progenitors
largely maintain their transcriptional program during limb devel-
opment. Finally, the finding that the pool of Msx1 naive progen-
itors is maintained for several days suggests their progressive
transition into proximal and autopodial progenitors.

For the proximal progenitors, we identified a set of markers
that includes Meis1 and Meis2, two well-known proximal
markers;' "-°%°:9" Shox2; Pkdcc; and many other genes. The val-
idity of Shox2 as a marker for proximal cells is supported by line-
age studies showing that Shox2 lineage gives rise to the proximal
part of the limb, ending at the wrist.*®

The autopod progenitor marker set included Hoxd13, Hoxa13,
and Hoxd12. These genes are expressed specifically in the auto-
pod and play an essential role in digit identity and
patterning.*’*8°2-% These markers were co-expressed with
Msx1, Msx2, Lhx9, and Lhx2, which were also previously shown
to be important for autopod patterning,**** suggesting a func-
tional link between these two groups of genes.

The limb skeleton comprises three segments; thus, it is
reasonable to assume that these segments form by three
different pools of progenitors. However, in line with previous
studies that failed to identify zeugopod-specific markers,® we
could not find a zeugopod progenitor population. It is possible
that the resolution of our analyses was insufficient to detect
the differences between stylopod and zeugopod transcriptional
programs. An alternative explanation is that while indeed there is
no zeugopod-specific transcriptional program, the relative loca-
tion of cells within the early limb bud determines their final fate as
either stylopod or zeugopod cells, as was suggested previously
by several fate mapping studies on chick.'**"

The identification of markers for the three progenitor popula-
tions allowed us to study their spatiotemporal distribution during
limb development. We found that at E10.5-E12.5, all three pro-
genitor cell types are present in spatially restricted domains.
Proximal progenitors were initially located in the center and later
expanded proximally, whereas autopodial progenitors were
initially located distally in the posterior-dorsal side and later
expanded anteriorly. As suggested by the single-cell results,
we found that the naive progenitor marker Msx7 was expressed
throughout the process in an arc-like pattern along the AP axis,
as well as dorsally and ventrally away from the AER. This finding
suggests that the naive progenitors maintain their location
through development. Moreover, it suggests that their progres-
sive transition to the different lineages may not be restricted
to the limb apex but can occur along the AP axis. Indeed,

Figure 6. Msx1 lineage tracing identifies that the patterning of skeletal element deviates from the PD model

(A-X) Msx1* cells were marked at consecutive days from E9.5 to E12.5 by administration of single doses of tamoxifen to Msx7-CreER"?;Rosa26-tdTomato
pregnant females. Then, E13.5 whole-mount forelimbs stained with anti-SOX9 antibody (gray) were imaged by light sheet microcopy (pink, Msx1 lineage).
(A-D) Dorsal view of 3D-rendered images showing descendants of Msx7* cells pulsed at E9.5 (A; n = 4), E10.5 (B; n = 4), E11.5 (C; n = 3), and E12.5 (D; n = 2).
(E-N) Ventral (E and J), dorsal (F and K), posterior (G and L), and anterior (H and M) views of 3D-rendered humerus images, following pulsing at E10.5in (E)—(I"") and
at E11.5in (J)~(N""). The locations of optical sections shown in (I')—(1"") and (N')~(N"") are indicated in (I) and (N).

(O-X) Ventral (O and T), dorsal (P and U), posterior (Q and V), and anterior (R and W) views of 3D-rendered radius images, following pulsing at E10.5 in (O)—(S"") and
at E11.5in (T)—(X"). The locations of optical sections shown in (S)—(S") and (X')—(X") are indicated in (S) and (X).

(Y and Z) Schematics showing the spatiotemporal differentiation sequence in the forelimb skeleton from a ventral (Y) and dorsal (Z) view.

Abbreviations are as follows: Ac, acromion; R, radius; H, humerus; DT, deltoid tuberosity; HD, humeral head; LEp, lateral epicondyle; MEp, medial epicondyle; S,
shaft; Pr, proximal; Ds, distal; A, anterior; P, posterior; Vn, ventral; D, dorsal; and g, gavage.

See also Figure S7.
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Figure 7. Sox9 lineage tracing confirms that skeletal chondroprogenitor differentiation occurs progressively in a complex 3D pattern
(A-E") 3D-rendered images of Sox9-CreER'?;Rosa26-tdTomato mouse forelimbs labeled by tamoxifen administration at E10.5 and harvested 30 h later.
Forelimbs were stained for Sox9 (gray) mRNA, using in situ HCR, and imaged by light sheet microscopy. The locations of optical sections shown in (E')~(E") are

indicated in (E).

(F-1) 3D-rendered images of Sox9-CreER2;Rosa26-tdTomato mouse forelimbs labeled by tamoxifen administration at E10.5 and harvested 72 h later. Forelimbs

were stained for SOX9 protein (gray) and imaged by light sheet microscopy.

(J-J”) Optical section through zeugopod segment (demarcated by dashed white square in H).

sequential pulse-chase experiments clearly showed that be-
tween E9.5 and E11.5, Msx1 lineage cells populated extensive
areas in the proximal side of the limb. Moreover, they overlapped
with both proximal and autopodial progenitors. We therefore
suggest that the progressive transition of naive progenitors into
proximal and autopodial fates occurs along the length of the
limb, allowing simultaneous transition into these identities.

As mentioned, previous mapping studies on chick limbs
showed correlation between the initial location of cells and their
final contribution.'*°"*® These findings suggest that the initial
position of Msx7* naive progenitors within the limb may influence
their final fate. Unfortunately, the genetic approach that we
applied did not provide the spatial resolution to test this
hypothesis directly. Several potential mechanisms can underlie
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this correlation. First, simple preservation of the original spatial
order may account, at least in part, for the ultimate organization.
Second, the distribution and activity of molecular signals that
regulate the fate of limb-forming cells may be position depen-
dent.® Finally, local differences in the mechanical landscape
may also affect cell fate decisions, as was suggested before.

Our findings correspond with some aspects of previously sug-
gested models of limb development. The existence of naive limb
progenitors and their progressive transition into progenitors of
the different limb segments were suggested by the progress
zone model."'""® The coexistence of the different progenitors of
these segments was suggested by the early specification model,
whereas the progressive and concurrent specification of proximal
and distal fates is consistent with the two-signal model.'®'®
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The establishment of limb progenitor identities and their differ-
entiation to chondroprogenitors can follow two scenarios. One
possibility is that the two processes are separated temporally,
such that differentiation starts only after all progenitor identities
have been established. Alternatively, a progressive process of
identity establishment may coincide with the differentiation of
the two progenitor pools into chondroprogenitors. Our findings
indicate that the differentiation of naive Msx71* progenitors into
chondroprogenitors is progressive and that the transition of
these naive progenitors into proximal and autopodial progenitors
coincides with the differentiation of these two progenitor pools
into chondroprogenitors, suggesting that these processes over-
lap temporally. Strong support for this possibility is our observa-
tion that at E10.5-E11.5, both Msx7, which marks the naive
progenitors, and Sox9, which marks chondroprogenitors, were
expressed in the developing limb. Other pieces of evidence
that are consistent with this scenario came from genetic lineage
tracing analyses in mice. We previously showed that different
skeletal elements form progressively by continuous addition of
Sox9* cells.>>'%°

In this work, we provide several pieces of evidence to support
the conclusion that Msx1 is a marker for the naive mesenchymal
progenitors. These include the results of our single-cell analysis
and lineage tracing using Msx7-CreER™ mice. This knockin
allele was previously shown to drive an identical pattern of Cre
expression as the endogenous Msx7 gene.”® The combination
of a reliable marker mouse line and the finding that Msx7 expres-
sion by naive mesenchymal progenitors is lost once they differ-
entiate provided us with a unique opportunity to study the order
by which the skeleton forms. If the common view is correct, and
the skeleton forms in a proximal-to-distal direction, then progen-
itors of the proximal stylopod should be the first to lose Msx1
expression and differentiate, followed by zeugopod progenitors,
and lastly, by autopod progenitors. However, the pattern that we
observed was much more complex and non-consecutive, as
skeletogenesis occurred simultaneously, progressing from mul-
tiple foci along the limb. This finding indicates that in addition to
the formation of skeletal elements along the PD axis, there is also
strong contribution along the AP and DV axes. An example of the
complexity of the process is our finding that the posterior half of
the humerus formed first together with ulna, whereas the anterior
side of the humerus formed later together with the radius. Further
support for this notion is the similar results we obtained studying
the order by which the skeleton forms, using the spatiotemporal
elevation of Sox9 expression in chondroprogenitors.

In summary, our findings suggest an alternative model for limb
and skeleton development. At its core is the principle that limb
development involves progressive and simultaneous transition
of naive limb progenitors into either proximal or autopodial pro-
genitors, which then progressively differentiate into Sox9* chon-
droprogenitors. This process occurs simultaneously at different
locations along the limb, suggesting that the skeleton forms pro-
gressively from multiple foci in a complex 3D pattern.

Limitations of the study

In this work, we used single-cell RNA sequencing to identify three
types of limb mesenchymal progenitors: proximal, autopodial, and
naive. While we established Msx1 as a marker gene for the naive
progenitors, it is important to note that Msx1 is not a key regulator

¢ CellP’ress

of the naive state. Additionally, our analysis was restricted to
E10.5-E14.5, thus lacking transcriptional characterization of limb
mesenchyme at the onset of limb development (E9.5). This infor-
mation may provide a better understanding of the key genes that
are required to establish and maintain the naive state.
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Collagenase type V Sigma Aldrich Cat# C9263
Histodenz Sigma Aldrich Cat# D2158
Low gelling agarose Sigma Aldrich Cat# A9414
Thermal initiator 2,2’-azobis[2-(2-imidazolin-2-yl) FUJIFILM Wako Chemical Cat# VA-044
propane]dihydrochloride

Critical commercial assays

HCR in situ reagents Molecular Technologies N/A

Deposited data

Raw data files for single-cell RNA-seq

NCBI Gene Expression Omnibus

GEO: GSE185940

Experimental models: Organisms/strains

Mouse: C57BL/6JOlaHsd

Mouse: Sox9-CreER™

Mouse: Scx-GFP

Mouse: Msx1-CreER™
Mouse: Rosa26-tdTomato

Envigo

Haruhiko Akiyama,
The University of Texas M.D.
Anderson Cancer Center

Ronen Schweitzer, Oregon Health
and Science University

The Jackson Laboratory
The Jackson Laboratory

N/A

N/A

N/A

Cat# 027850
Cat# 007914

Software and algorithms

R version 4.1.3

The R Foundation

http://www.r-project.org/

FlowJo software FlowJo https://www.flowjo.com/

Slingshot package Bioconductor https://bioconductor.org/packages/
release/bioc/html/slingshot.html

Imaris v9.8 Imaris N/A

Other

MARS-seq reagents

101
1.0

Provided by Jaitin et a

N/A

RESOURCE AVAILABILITY

Lead contact

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

Zelzer (Eli.zelzer@weizmann.ac.il).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The accession number for the raw and processed scRNA-seqdata reported in this paper is GEO: GSE185940. Microscopy data re-
ported in this paper will be shared by the lead contact upon request. Any additional information required to reanalyze the data re-

ported in this paper is available from the lead contact upon request.

el Developmental Cell 58, 1-17.e1-e4, April 10, 2023



mailto:Eli.zelzer@weizmann.ac.il
http://www.r-project.org/
https://www.flowjo.com/
https://bioconductor.org/packages/release/bioc/html/slingshot.html
https://bioconductor.org/packages/release/bioc/html/slingshot.html

Please cite this article in press as: Markman et al., A single-cell census of mouse limb development identifies complex spatiotemporal dynamics of
skeleton formation, Developmental Cell (2023), https://doi.org/10.1016/j.devcel.2023.02.013

Developmental Cell ¢ CelPress

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines

The generation of Sox9-CreER™?,°Scx-GFP,*’Msx1-CreER'2,”°Sox9-GFP'%? and Rosa26-tdTomato®' mice has been described
previously. For fluorescence-activated cell sorting (FACS) experiments, Sox9-CreER*-tdTomato;Scx-GFP or Sox9-GFP mice
were crossed with Rosa26-tdTomato;Scx-GFP or C57BL/6 mice, respectively. For lineage tracing experiments, Msx1-CreER™
were crossed with Rosa26-tdTomato or with Rosa26-tdTomato;Scx-GFP reporter mice.

Induction of Cre recombinase was performed at indicated pregnancy stages by administration of 5 mg/ml tamoxifen in corn oil X5
body weight by oral gavage. For harvesting of embryos, timed-pregnant females were euthanized by cervical dislocation. Plug date
was defined as E0.5.

Staff and veterinary personnel monitored all mouse strains daily for health and activity. Mice were given ad libitum access to water
and standard mouse chow with 12-h light/dark cycles. All animal procedures were approved by the Institutional Animal Care and Use
Committee and performed in strict adherence to Weizmann Institute Animal Care and Use guidelines, following the NIH, European
Commission, and Israeli guidelines. Tail genomic DNA was used for genotyping.

METHOD DETAILS

Cell isolation and flow cytometry

Single-cell experiments were performed on forelimbs from E10.5, E11.5, E12.5, E13.5 and E14.5 mouse embryos. For collection of
E10.5 cells, Sox9-GFP and Sox9-CreER"?-tdTomato;ScxGFP (without tamoxifen induction) mice were used. For collection of
E11.5-E14.5 cells, Sox9-CreER?-tdTomato;ScxGFP mice were used 48 h after Cre induction.

Forelimbs were dissected and minced in cold PBS using small scissors. For each biological replicate, forelimbs of embryos from
the same litter were pooled together (six forelimbs at E10.5 and E11.5, four forelimbs at E12.5 and E13.5, and two forelimbs from one
E14.5 embryo). Forelimb tissues were dissociated using enzymatic digestion. E10.5-E11.5 forelimbs were digested with pre-heated
0.25% trypsin in DMEM medium (ThermoFisher) and incubated for 10 min at 37°C, gently pipetting every 3 min. E12.5-E14.5 fore-
limbs were digested with 1.5 mg/ml collagenase type V (Sigma-Aldrich) in DMEM at 37°C for 10-15 min, gently pipetting every 5 min
until the tissue completely dissolved. The digestion reaction was stopped by addition of DMEM supplemented with 10% FBS and 1%
Pen-Strep. Cell suspensions were filtered through a 40-um nylon mesh and collected by centrifugation at 1000 rpm for 7 min at 4°C.
Supernatant was removed and cells were resuspended in 500 pl ice-cold MACS buffer (with 0.5% BSA and 2 mM EDTA in PBS) and
used immediately for FACS.

Flow cytometry analysis and sorting were performed using an AriaFusion instrument (BD Biosciences, San Jose, CA) equipped
with 488, 407, 561 and 633 nm lasers, using a 100-um nozzle. Sorting gates and fluorescence compensation were defined based
on GFP, tdTomato single-stained and unstained control cells. Live cells were gated using DAPI staining (1 pg/ml) and by size and
granularity using FSC-A versus SSC-A. FSC-W versus FSC-A was used to further distinguish single cells. Unstained, GFP-stained
only and tdTomato-stained only cells were mixed in various combinations to verify that the analysis excluded false-positive doublets.
GFP was detected by excitation at 488 nm and collection of emission using 502 longpass (LP) and 530/30 bandpass (BP) filters. tdTo-
mato was detected by excitation at 561 nm and collection of emission using a 582/15 BPfilter. DAPI was detected by excitation at
407 nm and collection of emission using a 450/40 BP filter. Data were collected and analyzed using BD FACSDiva software v8.0.1 (BD
Biosciences).

For single-cell RNA-seq,'?" live cells were sorted into 384-well cell capture plates containing 2 pL of lysis solution and barcoded
poly(T) reverse-transcription primers. In each plate, four empty wells were used as a control. Inmediately after sorting, each plate
was spun down to ensure cell immersion into the lysis solution, snap frozen on dry ice and stored at —80°C until processed.

Massively parallel single-cell RNA sequencing (MARS-Seq)

FACS-sorted cells were used for single-cell library preparation according to MARS-seq protocol, as described in Jaitin et a
Briefly, mRNA from cells sorted into capture plates was barcoded, converted into cDNA and pooled using an automated pipeline.
The pooled sample was then linearly amplified by T7 in vitro transcription and the resulting RNA was fragmented and converted
into sequencing-ready library by tagging the samples with pool barcodes and lllumina sequences during ligation, reverse transcrip-
tion and PCR. Each pool of cells was tested for library quality and concentration was assessed as described in Jaitin et al.'®"

|'101

PACT clearing

For sample preparation, E9.5-E14.5 embryos were harvested from BI6, Msx71-CreER; Rosa26-tdTomato, Scx-GFP and Msx1-
CreER™; Rosa26-tdTomato timed-pregnant females and fixed in ice-cold 4% PFA in 1x PBS overnight. PFA-fixed embryos were
dissected and forelimbs were cleared using PACT method."%%'%* Briefly, samples were washed in PBS, then incubated in hydrogel
solution containing 4% (wt/vol) acrylamide in 1x PBS with 0.25% thermal initiator 2,2’-azobis[2-(2-imidazolin-2-yl)propane]dihydro-
chloride (Wako, cat. no. VA-044) at 4°C overnight. The next day, hydrogel was polymerized at 37°C for 3 hours. The samples were
removed from the hydrogel, washed in PBS, and moved to 10% SDS with 0.01% sodium azide, shaking (60 rpm) at 37°C for 1-5 days,
changing the SDS solution each day. Cleared samples were washed three times for 5 min with 1x PBST (PBS+ 0.1% Triton X-100 +
0.01% sodium azide) at room temperature and then subjected to whole-mount in situ HCR or whole-mount SOX9 immunostaining.
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Whole-mount immunostaining

To detect SOX9, samples were first incubated with proteinase K (Millipore Sigma, P9290) for 10 min at room temperature, washed
and post-fixed again in 4% PFA. Then, samples were incubated with 5% goat serum, 1% BSA dissolved in PBST at 4°C overnight in
order to block non-specific binding of immunoglobulin. Next, samples were incubated with primary anti-SOX9 antibodies (1:100,
AB5535 Millipore Sigma) in 5% goat serum, 1% BSA dissolved in PBST shaking at 37°C for 5 days. Samples were washed four times
for 2 h with 1x PBST at room temperature. Next, samples were incubated with secondary Cy5 antibodies (1:100, 715-165-150, Jack-
son ImmunoResearch) and 1:100 DAPI (1 mg/ml) in 5% goat serum, 1% BSA dissolved in PBST shaking at 37°C for 2 days. Samples
were washed four times for 2 h with 1x PBST at room temperature and then prepared for light sheet imaging. To bring the refractive
index (RI) of the sample to 1.45, it was submersed in a refractive index matching solution (RIMS) prepared by dissolving 35 g of His-
todenz (Millipore Sigma, D2158) in 30 ml 0.02 M phosphate buffer, shaking gently at room temperature for 1-2 days. Finally, samples
were embedded in 1% low gelling agarose (Millipore Sigma, A9414) in PBSin a glass capillary, submerged in RIMS and stored pro-
tected from light at room temperature until imaging.

Whole-mount in situ hybridization chain reaction (HCR)

The Msx1 (NM_010835.2), Shox2 (NM_001302358.1), Hoxd13 (NM_008275.4) and Sox9 (NM_011448.4) probes and DNA HCR am-
plifiers, hybridization, wash and amplification buffers were purchased from Molecular Instruments. In situ HCR v3.0 was performed
using the protocols detailed in www.molecularinstruments.com. Briefly, PACT-cleared samples were pre-incubated with hybridiza-
tion buffer and incubated overnight at 37°C, 60 rpm with probe solution containing 1 pL of each probe in 250 L of pre-heated probe
hybridization buffer. The next day, probes were washed four times for 15 min at 60 rpm with pre-heated wash buffer, followed by two
5-min washes at room temperature with 5xSSCT. Next, samples were pre-amplified with 250 puL of amplification buffer for 5 min at
room temperature and incubated with 250 pL of hairpin mixture (5 uL of hairpin h1 and hairpin h2 from 3 uM stock for each probe)
overnight in the dark at room temperature. The following day, samples were washed with 5xSSCT two times for 5 min, two times for
30 min and once for 5 min at room temperature, gently shaking. For nuclear staining, samples were incubated with 1:100 DAPI/PBS
solution (DAPI stock, 1 mg/ml) overnight at 4°C, gently shaking. Finally, samples were washed twice with 2XSSC for 5 min at room
temperature gently shaking and prepared for light sheet imaging as described above for SOX9-immunostained samples.

Light-sheet fluorescence microscopy

Samples were imaged with a Zeiss Lightsheet Z.1 microscope. For each limb, a low-resolution image of the entire limb was taken with
the 20x Clarity lens at a zoom of 0.36. Light-sheet fusion of images was done if necessary in Zen software (Zeiss). Tile stitching and
3D image reconstruction were performed using Imaris software (Bitplane). For examination of Msx1 lineage expression in skeletal
elements, Sox9 expression was used to generate the surface of the elements. Voxels outside the surface were masked using the
mask function in Imaris software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Low-level processing and filtering

RNA-seq libraries were sequenced by lllumina NextSeg500 at a median sequencing depth of 58,585 reads per single cell. Sequences
were mapped to mouse reference genome (mm10), demultiplexed, and filtered as previously described by Jaitin et al.,'®" with the
following adaptations. Mapping of reads was done using HISAT version 0.1.6'%° and reads with multiple mapping positions were
excluded. Reads were associated with genes ifthey were mapped to an exon defined by a reference set obtained from the UCSC
genome browser extended by up to 2 kb for complete 3’ peak acquire. Noise level was estimated statistically on empty MARS-
seq wells; median estimated noise over all experiments was 2%. Cells with less than 600 UMIs were discarded from the analysis.
After filtering, cells contained a median of 2,800 unique molecules per cell. All downstream analysis was performed in R.

Metacells modeling

We used the metacells pipeline®® with the following specific parameters (complete script reproducing all analyses from raw data is
available in GEO: GSE185940). We removed mitochondrial genes, genes linked with poorly supported transcriptional models (anno-
tated with the prefix “RP-*) and cell cycle genes, which were identified by correlation coefficient of at least 0.1 for one of the anchor
genes Mki67, Hist1h1d, Pcna, Smc4, or Mcm3. We then filtered cells with total fraction of mitochondrial gene expression exceeding
30% and cells with high (> 64) expression of hemoglobin genes (Hba-a2, Hba-al, Hbb-b2, Hba-x, Hbb-b1). Feature genes for
MetaCell analysis were selected if their scaled variance (variance divided by mean) was 0.2 and higher (T_vm=0.2), there were at least
100 UMIs across the entire dataset, and at least three cells with more than 4 UMIs recorded.

The gene selection strategy produced 425 marker gene features for the computation of the metacells balanced similarity graph. We
used K = 150, 500 bootstrap iterations and otherwise standard parameters (500 iterations; resampling 70% of the cells in each
iteration, and clustering the co-cluster matrix with minimal cluster size set to 20). We applied outlier filtering.

The resulting metacells model was annotated using the metacells confusion matrix and analysis of known marker genes. Muscle,
epidermal, Schwann and immune metacells were excluded from further analysis. Next, we applied again the metacells pipeline on the
remaining cells with the above-mentioned parameters.
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To annotate the resulting metacells into cell types, we used the metric FPyene me, Which signifies for each gene and metacell the fold
change between the geometric mean of this gene within the metacells and the median geometric mean across all metacells, thus
highlighting for each metacell genes that are highly overexpressed as compared to the background. Finally, we hierarchically clus-
tered the FP most significantly changing gene table along with a set of known marker genes to identify the major cell populations.

Defining progenitor gene module signatures and scores

To define the gene signatures of progenitor cells, we first identified modules of co-expressed genes by Pearson’s correlation across
the metacells log, FPgene,mc €Xpression of the 175 most variable genes. The signature genes for each progenitor state were defined
by module scores. Scores for each module were calculated per Metacell, by summing the log-normalized values over the genes in the
module. Each gene contributed equally to the score in a sum of logs fashion.

Calculation of a chondrogenic score

To define a chondrogenic gene signature, we generated a list of genes correlated with Col2a7. To avoid over-fitting of the modeling,
TFs were excluded from the list, which contained 84 genes. Chondrogenic scores were calculated per cell, by summing the log-
normalized values over the genes in the set. Each gene contributed equally to the score in a sum of logs fashion. Cells were then
stratified into 65 groups based on expression quantiles. To validate our approach, we tested differential expression of TFs that
were not part of the signature gene set and are upregulated during chondrogenesis.

Slingshot analysis

To identify lineage trajectories and align metacells along pseudo-time we used a published package Slingshot.'% For proximal cells,
Slingshot was applied to P1 (naive progenitors), P2 (proximal progenitors), C1 (proximal chondrocytes), C4 (attachment cells) and C6
(mature chondrocytes). For autopodial cells, Slingshot was applied to P1 (naive progenitors) P3 (autopodial progenitors), C2 (auto-
podial chondrocytes), C3 (intermediate autopodial chondrocytes) and C5 (mature autopodial chondrocytes). The trajectory was in-
ferred based on differentially expressed genes, defined as genes with more than 100 UMI, at least four cells with more than 4 UMIs
recorded, and with variance of gene/ mean of gene > 0.2. Start or end points were not predefined.

Statistical analyses

Differential gene expression analysis was performed on log, sum of UMIs normalized by reads per cell, divided by cell number.
P-values were calculated using Wilcoxon test to compare between mean expressions of metacells (for Figures 2 and S2-54) or cells
(for Figure S3).
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