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Atlas of Musculoskeletal Stem Cells with the Soft and Hard
Tissue Differentiation Architecture

Zi Yin, Junxin Lin, Ruojin Yan, Richun Liu, Mengfei Liu, Bo Zhou, Wenyan Zhou,
Chengrui An, Yangwu Chen, Yejun Hu, Chunmei Fan, Kun Zhao, Bingbing Wu,
Xiaohui Zou, Jin Zhang, Ahmed H. El-Hashash, Xiao Chen,* and Hongwei Ouyang*

Although being of utmost importance for human health and mobility, stem
cell identity and hierarchical organization of musculoskeletal progenitors
remain largely unexplored. Here, cells from E10.5, E12.5, and E15.5 murine
limbs are analyzed by high throughput single-cell RNA sequencing to
illustrate the cellular architecture during limb development. Single-cell
transcriptional profiling demonstrates the identity and differentiation
architecture of musculoskeletal stem cells (MSSC), soft and hard tissue
progenitors through expression pattern of musculoskeletal markers (scleraxis
[Scx], Hoxd13, Sox9, and Col1a1). This is confirmed by genetic in vivo lineage
tracing. Moreover, single-cell analyses of Scx knockout mice tissues illustrates
that Scx regulates MSSC self-renewal and proliferation potential. A
high-throughput and low-cost multi-tissues RNA sequencing strategy further
provides evidence that musculoskeletal system tissues, including muscle,
bone, meniscus, and cartilage, are all abnormally developed in Scx knockout
mice. These results establish the presence of an indispensable limb
Scx+Hoxd13+ MSSC population and their differentiation into soft tissue
progenitors (Scx+Col1a1+) and hard tissue progenitors (Scx+Sox9+).
Collectively, this study paves the way for systematically decoding the complex
molecular mechanisms and cellular programs of musculoskeletal tissues
morphogenesis in limb development and regeneration.

Dr. Z. Yin, C. Fan
Dr. Li Dak Sum & Yip Yio Chin Center for Stem Cells and Regenerative
Medicine, and Department of Orthopedic Surgery of Sir Run Run Shaw
Hospital
Zhejiang University School of Medicine
Hangzhou 310058, China
Dr. Z. Yin, Dr. J. Lin, R. Yan, R. Liu, M. Liu, B. Zhou, Dr. W. Zhou, C. An,
Y. Chen, Dr. Y. Hu, C. Fan, K. Zhao, Dr. B. Wu, Dr. X. Zou, Prof. X. Chen,
Prof. H. Ouyang
Key Laboratory of Tissue Engineering and Regenerative Medicine of
Zhejiang Province
Zhejiang University School of Medicine
Hangzhou 310058, China
E-mail: chenxiao-610@zju.edu.cn; hwoy@zju.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202000938

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

DOI: 10.1002/advs.202000938

1. Introduction

The limb is a complexly patterned, eas-
ily observable and experimentally modifi-
able organ, leading it to be widely used as
a model in developmental biology.[1] Limb
development is a complex morphogenetic
process that integrates cells from multiple
origins into a well-organized structure.[2]

The correct specification of progenitor pop-
ulations and the ability of these cells to
respond to spatiotemporal cues are criti-
cal for the successful formation of limbs.
Limb malformation is an extremely com-
mon type of human malformation that oc-
curs in ≈1 in every 500 births.[3] Mecha-
nisms orchestrating limb morphogenesis
and differentiation are complex. Currently,
there is a lack of sufficient knowledge on
the sequential and tightly coordinated cel-
lular events that lead to the establishment
of each individual tissue type within the
vertebrate limb.[4] Increasing understand-
ing of the morphogenesis and cellular ori-
gin of the limb will advance our knowledge
of how limb malformations occur, as well
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as provide an important framework for designing better in vitro
models and regenerative approaches using stem cell therapies.

Among all the components of an entire limb, musculoskele-
tal system accounts for a great deal of proportion. In the early
stages of musculoskeletal development, each musculoskeletal
primordium initially develops as an independent component,
and progenitors of musculoskeletal components migrate and
settle down in prospective regions to give rise to bone, carti-
lage, muscle, tendon, and ligament primordia.[5] The existence
of skeletal stem cells has been identified by lineage tracing and
clonal analysis, gradually differentiating into bone, cartilage, and
stroma.[6] However, the origin of musculoskeletal stem cells
(MSSC), which develop into soft and hard connective tissues,
have not yet been identified.

Single-cell RNA sequencing (scRNA-seq) has emerged as a
powerful tool that enables simple and robust access to the tran-
scriptomes of thousands of single-cells. Recent advances in the
single-cell analysis technologies present great ability to delin-
eate hierarchical cellular states, including intermediate progen-
itors and the networks of regulatory genes orchestrating cell-type
specification. Given its power to provide comprehensive descrip-
tions of transcriptomic states and their presumptive regulators,
scRNA-seq has been successfully used to phenotypically charac-
terize and classify cells in tens of organs and tissues, as well as
to study early lineage diversification.[7,8] Recently, the scRNA-seq
work of limb development in the chick and mouse profiled the
transcriptional landscape and cell-type heterogeneity.[9] Deeper
sequencing at different developmental stages may be necessary
to more accurately define the cell population at the transition
state and gain insight into transcripts that may have relatively low
expression levels. A systematic map of the molecular and cellu-
lar dynamics during the early limb development may reveal the
characteristic features of limb development and musculoskeletal
stem/progenitor cell populations involved in limb lineage devel-
opment. Herein, we use the Fluidigm C1 system with optimized
high-throughput integrated fluidics circuits (HT IFCs) to carry
out single-cell resolution gene expression profiling during early
murine limb development, from E10.5 when the limb bud erupts
to E15.5 when most tissue types are specified. We also chose
E12.5 as an intermediate developmental stage time point to evalu-
ate the possible stem/progenitor cells during limb morphogene-
sis. This enables us to successfully create an atlas of gene expres-
sion state/patterns in multiple limb cell types, identify MSSC,
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and characterize the molecular mechanisms controlling early cell
lineage decisions in the developing limb.

Genetically modified mice are commonly used for research or
as animal models of human diseases. The most common type
is the gene knockout mice, where the activity of a single (or in
some cases multiple) gene is removed.[10] Previous research of
whole-body gene knockout or tissue-specific knockout mice are
often limited to studies of individual organ or phenotype. How-
ever, many genes are expressed and function in multiple tissues,
and different types of tissues can crosstalk and influence function
of the others. Thus, often times, the systematical effects caused
by loss of function of the target gene are poorly investigated by
examining one tissue type. The unique barcode and index label-
ing strategy can be used for cost-effective, organism-wide tran-
scriptome analysis, which will enable the screening of the most
affected tissue or organ due to gene deficiency. Here, using com-
parative multiple sample RNA-seq and scRNA-seq, we success-
fully generated transcriptome profiles across different tissues in
wild-type and scleraxis (Scx) knockout mice, and obtained a cell
map of mouse hind limbs at single-cell resolution.

We also found that Scx expression labels a stem/progenitor
population that gives rise to musculoskeletal cells of soft tis-
sue (myocytes, meniscus cells, tenocytes) as well as to hard tis-
sue (chondrocytes and osteocytes). Loss of Scx function during
limb development leads to a marked decrease in musculoskele-
tal progenitor expansion and limb patterning defects. Our study
demonstrates a strategy for the systematic transcriptome analy-
sis of a gene knockout mouse and provides a blueprint for under-
standing the function of MSSC on limb development.

2. Results

2.1. Unbiased Clustering Confirms Known Cell Populations in the
Constructed Limb

To determine the cellular composition of the developing limb,
we isolated and sequenced transcriptomes of individual live cells
from the developing murine hind limb (from the limb bud initia-
tion at E10.5 to a fully patterned hind limb at E15.5) based on Flu-
idigm C1 system with optimized microfluidic circuits platform,
which is the good balance of throughput and resolution.[11] After
sequencing and data processing, we got high-quality transcrip-
tomic data from 1533 single-cells, including 383 E10.5 cells, 383
E12.5 cells, and 765 E15.5 cells. The scRNA-seq data had high
read depth, mapping up to 4000 genes for most of the single-
cell samples (Figure S1, Supporting Information). Our single-
cell transcriptomic data identified eight major cell populations
in the developing hind limb by Seurat analysis. Notably, the limb
bud cells have relative homogeneity, which was made up of only
cells from E10.5 (Figure 1b); E15.5 cells showed significant het-
erogeneity, which indicated well differentiation of the limb (Fig-
ure 1a,b). The heat map showed single-cell data sets with clear
differential gene expression modules and cell-type clusters (Fig-
ure 1c). Other than the limb bud cell cluster, we were able to iden-
tify the analyzed six other cell clusters including the connective
tissue cells, chondrocytes, endothelial cells, epidermal cells, im-
mune cells, and muscle tissue cells. The other cluster composed
of mainly E12.5 cells was assigned as MSSC. Gene ontology (GO)
analysis was conducted to gain a better functional insight on
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Figure 1. Single-cell RNA-seq reveals eight major cell clusters during limb morphogenesis. a) Limb cell transcriptomes visualized with t-distributed
stochastic neighbor embedding (t-SNE), left panel colored by embryonic stage, and right panel colored according to unsupervised clustering. 1533
single-cells from mouse hind limb of embryonic (E10.5, E12.5, and E15.5) were grouped into eight distinct clusters (colors indicated). Each point
represents an individual cell. b) Component of different stage (E10.5, E12.5, and E15.5) in each cluster during limb development. c) Heatmap of genes
significantly enriched within each individual cluster. Single-cells are shown in columns; genes are shown in rows. Top five differential genes of each cell
type are shown. d) The enriched biological processes gene ontology (GO) in different cell clusters. e) Expression of representative cluster-specific genes
projected onto the t-SNE map. Gray indicates low expression and red indicate high expression. f) Violin plots showing distribution of expression for
selected t-SNE cluster marker genes. Cell types are represented by different colors in (a), (b), (c), and (d).

different cell clusters; results illustrated that cells in the limb
bud cluster highly expessed genes that play key roles in the limb
development and developmental maturation (Figure 1d). MSSC
cluster was enriched in genes controlling the limb development,
stem cell development, skeletal system development, and mes-
enchymal cell development (Figure 1d), with high expression lev-
els of Scx and Hoxd13. (Figure 1e,f). Hoxd13 has been reported to
be heterogeneously expressed in different cell types during limb
development.[9a] The GO terms related to connective tissue de-
velopment and mesenchymal cell development were highly rep-

resented in the connective tissue cells cluster, expressing high
levels of Col1a1 and Lum (Figure 1e,f). Additionally, GO terms re-
lated to cartilage development and skeletal system development
were enriched in the chondrocyte cluster, showing an upregu-
lation of Col9a1 and Col2a1 (Figure 1e,f). Remarkably, the en-
dothelial cell cluster was high in genes associate with vascula-
ture development, while GO terms related to skin development
were highly represented, specifically in the epidermal cell clus-
ter (Figure 1d). Moreover, the GO term related to immune re-
sponse was enriched in the immune cell cluster that showed high
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Gata2 and Plvap expression levels (Figure 1e,f). Cells in the mus-
cle tissue cluster were high in genes controlling muscle tissue de-
velopment, with high expression levels of Myod and Tnnt1 (Fig-
ure 1e,f). We predicted the identity of stem cells using stemID
algorithm.[12] The inferred lineage tree (Figure S2A, Supporting
Information) indicated that limb bud cells (cluster 7) will differ-
entiate into MSSC (cluster 2), which linked to all the other cell
clusters including chondrocytes (cluster 3), muscle cells (clus-
ter 5), and connective tissue cells (cluster 1), respectively. Results
showed that the Scx+Hoxd13+ MSSC population exhibited the
highest score, which means high degree of multipotency (Fig-
ure S2B, Supporting Information).

2.2. Identifying Developmental Trajectory and Regulatory Genes
during Musculoskeletal System Development

In order to reveal the musculoskeletal system development and
sequential waves of regulators that act in differentiation, our
further analysis excluded epidermal cell cluster, endothelial cell
cluster, and immune cell cluster. Pseudotime ordering of indi-
vidual cells from the other five clusters were reconstructed by
Monocle,[8b] an unsupervised algorithm (Figure 2a left panel).
The trend of reconstructed trajectory was consistent with the
real development time point (Figure 2a middle panel), which
could represent the temporal (stem/progenitor and differenti-
ated/maturation lineage) relationships during the development
of limb musculoskeletal tissues. The reconstructed trajectory
tree colored by clusters shows some overlap along the pseudo-
time (Figure 2a right panel). The dynamic changes of gene ex-
pression along the whole lineage differentiation trajectory are
shown in Figure 2b. The repressed genes during differentiation
included Asb4, Lhx2, Chd7, and Igdcc3, while the group of ma-
trix genes such as Col1a1, Lum, Eln, and Dcn gradually increased
along pseudotime progression (Figure 2c). The expression peak
of Hoxd13, Igfbp3, Tnnt1, and Scx were shown in the middle part
of pseudotime tree (Figure 2c). As shown in Figure 2a, the hier-
archy of musculoskeletal tissue cell lineages was reconstructed
into a stepwise developmental cell commitment and differentia-
tion trajectory with four branches. Notably, at the early differen-
tiation point, one branch (Y1) that had high expression levels of
Scx, Mecom, Hoxd13, and Ccnb1 gene from the earlier embryonic
stage, could be defined as an early stem/progenitor branch, while
the other branches strongly expressing matrix genes Col14a1,
Lum, Ogn, and Dcn were defined as a differentiated branch (Fig-
ure 2d). We used a specific heatmap to show the gene expres-
sion dynamics of these two branches (Figure 2d). There is a sep-
arate short branch (Y4) only consisting of cells from muscle cell
cluster, which is similar to the development in vivo that muscle
cells originating from the somite migrate into the limb to com-
plement the formation of musculoskeletal system. At the end of
the tree-like structure, we found two branches following differ-
entiation, the Y2 branch presented the hard tissue differentia-
tion pathway, as evidenced by branch-dependent expressing high
levels of osteochondro-lineage marker genes Acan, Col2a1, Sox9,
and Sox5 (Figure 2e). The Y3 branch expressing high levels of
Dcn, Ogn, Col5a1, and Col1a1 might present the other soft tis-
sue differentiation, such as the stromal cell sub-cluster and the
teno-lineage sub-cluster (Figure 2e). In summary, the lineage dis-

tance showed in this study could represent both the temporal and
spatial (hard and soft connective tissues) relationships during
the development and maturation of limb musculoskeletal system
tissues.

2.3. Single-Cell RNA-Seq Distinguishes Scx+ Musculoskeletal
Stem Cells during Musculoskeletal System Development

Since Scx was enriched in MSSC (Figure 1f), its expression is rel-
atively high during the critical stage of fate decision (Figure 2c)
before major tissue types are specified. To study heterogeneity
lying within Scx-positive MSSC, Scx-expressing cells were in-
cluded for further analysis; the final scRNA-seq dataset was com-
prised of 739 cells. Across all the single-cells analyzed, 20 577
unique genes were found to be expressed. We performed Seurat
analysis and identified six major sub-clusters of Scx-expressing
cells with distinct gene expression patterns (Figure 3c), includ-
ing limb bud cells, cycling cells, hard tissue lineage cells (osteo-
chondrocytes), and soft tissue lineage cells (tenocytes, muscle
cells, and fibroblastic connective tissue cells) (Figure 3a). As ex-
pected, all limb bud cells were found to derive from E10.5, while
other sub-clusters were made up of cells from both E12.5 and
E15.5 (Figure 3b). Sub-cluster 4 is annotated as muscle cells due
to the high expression levels of Actc1, Tnnt1 and Myod1 (Fig-
ure 3d,e). Sub-cluster 6 is annotated as chondrocytes as Sox9,
Col2a1, and Sox5 were highly expressed (Figure 3d,e). To fur-
ther analyze differential gene expression, GO enrichment anal-
ysis was performed and representative GO terms in represented
biological process were illustrated (Figure S3, Supporting Infor-
mation). We found that genes specifically expressed in each cell
type were enriched in the expected GO terms (Figure S3, Sup-
porting Information). For example, genes that are specifically ex-
pressed in muscle cell cluster are significantly enriched in muscle
cell development; specific genes of chondrocyte cluster are signif-
icantly enriched in skeletal system development and positive reg-
ulation of chondrocyte differentiation. These analyses strongly
indicated that our cell-type assignments are accurate. Gene set
enrichment analysis showed that cells belonging to sub-cluster
3 had a relative stronger tendon gene signature and TGF-beta
signaling compared to other sub-cluster counterparts (Figure S3,
Supporting Information).

2.4. Lineage Tracing of Scx+ Cells in Limb Development
Homeostasis

To evaluate the cellular behavior of Scx+ cells in limbs, lin-
eage tracing was performed by crossing Scx-cre mice with
mice carrying the Rosa26-mT/mG reporter, which constitu-
tively expresses membrane-targeted Tomato fluorescentprotein
and membrane-targeted Green Fluorescent Protein (GFP) upon
Cre-mediatedrecombination.[13] With this referred to as Scx-
cre;Rosa26-mT/mG mice, live visualization and distinction of
recombined Scx+ cells (GFP+) and non-recombined cells are
allowed.

To determine whether lineage-labeled Scx+ cells contribute
to musculoskeletal system morphogenesis, we detected the ex-
istence of lineage-labeled Scx+ cells along with lineage specific
markers in multiple tissues during development. As expected,
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the tendon and ligament tissues at all stages persistently ex-
pressed Scx (Figure S4, Supporting Information). We validated
the musculoskeletal stem cell cluster revealed from scRNA-seq
by evaluating the expression of Scx by transgenic labeling and co-
localization with Hoxd13 (Figure 4a). In E12.5 mice, the cartilage
primordium of hind limb showed green fluorescence, reflecting
the robust expression of this transgene (Figure S3a, Supporting
Information). Early cartilage marker Sox9 overlapped with GFP,
indicating a chondrogenic potential of Scx-positive cell lineage
(Figure 4a). After E15.5, we found that the GFP-lineage-labeled
cells extended throughout the hind limb, consistent with the hy-
pothesis of Scx+ cells being involved in multiple tissue mor-
phogenesis (Figure S4b, Supporting Information). Interestingly,
lineage-labeled Scx-derived GFP+ cells are located in the my-
ofiber interstitium, but neither in the myofiber nor co-stained by
Mhc at E15.5 and E18.5 (Figure 4b,c), which is similar to other
non-satellite cells muscle progenitors.[14] At day E15.5 and E18.5,
immunofluorescence staining revealed that there were Scx-mG-
labeled cells co-expressing osteo-lineage marker Ocn, or cartilage
marker Sox9 (Figure 4b,c). To further investigate whether Scx+
cells take part in the formation of musculoskeletal system besides
tendon in the adult stage, limbs were harvested over 4-week pe-
riod and sections were analyzed with confocal microscopy for the
presence of lineage-labeled cells. Notably, lineage-labeled cells
could still be observed within the musculoskeletal system, indi-
cating that Scx-lineage cells could contribute to musculoskele-
tal lineages during homeostasis (Figure 4d). Furthermore, we
purified the Scx-mG+ cells from Scx-cre;Rosa26-mT/mG mice
limb bud at E10.5. Then the cells were injected into a wild-
type developing mouse limb bud at E15.5, then transplanted
subcutaneously into nude mice. At 2 weeks, immunofluores-
cence staining revealed there were Scx-mG-labeled cells co-
expressing myofiber marker Myh3, or connective tissue matrix
Col1, or chondrogenic marker Sox9, or osteogenic marker Runx2
(Figure S5, Supporting Information). Thus, Scx-mG+ labeled
cells in the musculoskeletal system showed characteristics of
stem/progenitor cells.

2.5. Resolving Cellular Heterogeneity of WT and Scx−/− Mouse
Limbs during Development by Single-Cell RNA-Seq

Expression of Scx was upregulated at the onset of both fore limb
and hind limb formation since E10.5 and persisted until E12.5,
tapering off at later time point (Figure S6, Supporting Informa-
tion). Thus, we reasoned that the investigation of developing
limbs from wild-type and Scx−/− mice by scRNA-seq could pro-
vide insights into the cellular mechanisms underlying muscu-
loskeletal dysplasia.

To obtain cells for scRNA-seq analysis, hind limbs of E12.5
embryos were carefully isolated under microscopy and enzymati-
cally dissociated; at the same time, the tails were isolated for geno-
typing. Wild-type and Scx−/− embryos were used for scRNA-seq.
After quality control, we retained 761 individual cells, including
372 wild-type and 389 Scx−/− cells for the subsequent analysis.
The average number of genes expressed in each wild-type cell
and Scx−/− cell were 2723 and 4051, respectively.

We performed a cell clustering analysis based on high variable
gene. Identification of genes significantly enriched in each clus-
ter highlighted common features within these clusters. GO anal-
ysis was then performed based on genes significantly enriched
in each cluster to gain a functional insight of each cell cluster. In
general, most of the cells can be classified into immune cells, and
tissue stem/progenitor cells according to their gene expression
patterns and functional characteristics (Figure S7, Supporting
Information). Interestingly, according to the 3D-PCA plot (Fig-
ure 5a), cluster C6 and C9 were distinct from other cell clusters
on PC1; it is intriguing that all cells in cluster C6 were Scx−/−

cells and all cells in cluster C9 were wild-type cells, indicating
that the distinct gene expression pattern between these cell clus-
ters might exert different influence on the development of mus-
culoskeletal tissues (Figure 5b).

We then looked to find out the differences between these cell
clusters and other cell clusters, as well as their intricate differ-
ences. First, we examined the gene expression pattern on PC1,
which distinguishes C6 and C9 from other cell clusters. In con-
sistent with the result above, we found that Mki67 was highly
expressed in C6 and C9, indicating that these cells were prolifera-
tive cells (Figure 5c). To assess the proliferative potential of Scx+
cells, proliferative markers were evaluated. Tissues from E12.5
Scx-cre; Rosa26-mT/mG mice hind limbs were harvested and we
detected GFP+ cells contained cells co-expressing proliferation
markers (Mki67 and Pcna, Figure 5d). Next, we identified differ-
entially expressed genes (DEGs) between cell cluster C6 and C9
(Figure 5e). GO analysis showed that genes related with embry-
onic limb morphogenesis, organ morphogenesis, and ossifica-
tion, were downregulated in C6 (Figure 5f). These results demon-
strated the loss of Scx−/− altered expression pattern of genes
related to limb morphogenesis in a highly proliferative progeni-
tor cell population during limb development.

2.6. Organism-Wide RNA-Seq Analysis of 16 Tissues in
Wild-Type and Scx−/− Mice

According to the Human Protein Atlas (www.proteinatlas.org)
and Mouse Genome Informatics Database (www.informatics.jax.
org),[15] expression of Scx can be detected in diverse tissue types,

Figure 2. Single-cell RNA-seq reveals musculoskeletal tissue cells trajectory during limb morphogenesis. a) Differentiation trajectory of musculoskeletal
tissue cells constructed by Monocle. Left panel was colored by pseudotime order. Middle panel was colored by real time point. Right panel was colored by
cell clusters. Branches on the 2D trajectory tree are indicated as Y1, Y2, Y3, and Y4. b) Heat map of differentially expressed genes identified by Monocle
(rows), with cells (columns) are ordered according to the pseudotime development. c) Plots showing the relative expression of differentially expressed
genes in pseudotime order. Each dot represents a single-cell; different color represents pseudotime order. d) Branch kinetic heatmap of significantly
branch-dependent genes (BEAM test; FDR < 10%) in pseudotime order (upper panel). Branch expression curves for representative significantly branch-
dependent genes (lower panel). Dashed line indicates the spline fit for cells on the path from the root of the tree (Y) in (a) to outcome Y1, while the solid
line indicates the curve for the path to Y2Y3. e) Branch kinetic heatmap of significantly branch-dependent genes (BEAM test; FDR < 10%) at transition
point (upper panel). Branch expression curves for representative significantly branch-dependent genes (lower panel). Dashed line indicates the spline
fit for cells on the path from the root of the tree (Y) in (a) to outcome Y3, while the solid line indicates the curve for the path to Y2.
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suggesting that Scx deficiency could result in organism-wide ef-
fects. To perform a comprehensive transcriptomic profiling of dif-
ferent tissues in wild-type and Scx−/− mice (Figure S8a, Support-
ing Information), we introduced a multiplexed RNA-sequencing
(MuSeq) strategy. Different tissue samples were labeled with
unique barcodes and reverse transcribed, and then pooled to
construct cDNA library for sequencing as described before (Fig-
ure S8b, Supporting Information).[16]

By MuSeq, we embarked on obtaining transcriptome profiles
of all major organs or tissues in mice. We analyzed adipose, blad-

der, bone, cartilage, cortex, heart, hippocampus, intestine, kid-
ney, liver, lung, muscle, rectum, spleen, stomach, and vascular
from wild-type and Scx knockout mice. In general, the number
of genes detected in each tissue varied from each other, and an
average of 8426 genes were detected across all samples. To ob-
tain an overview of the power of MuSeq to recapture inter-sample
differences, a t-distributed stochastic neighbor embedding (t-
SNE) analysis was performed for dimensionality reduction and
data visualization. A t-SNE map demonstrats that most tissues
can be clearly separated except for the cortex and hippocampus,

Figure 3. Single-cell transcriptome analysis distinguishes various cell lineages labeled by Scx. a) T-stochastic neighbor embedding (t-SNE) plots of
Scx-expressing cells during embryonic limb development from Day 10.5 and Day 15.5. Left panel colored by embryonic stage, and right panel colored
according to unsupervised clustering. b) Component of different stage (E10.5, E12.5, and E15.5) in each Scx-expressing sub-cluster. c) A hierarchical
clustering heatmap showing differentially expressed genes (row) across Scx-expressing cells (column). Yellow corresponds to a high expression level;
white and purple correspond to low expression levels. Top five differential genes of each sub-cluster are shown. d) Violin plots show the expression level
distributions of marker genes across cell types. Cell types are represented by different colors in (a), (c), and (d). e) FeaturePlot of representative genes
enriched in each cluster.

Figure 4. Lineage tracing of Scx+ cells showed the participation of Scx+ cells in musculoskeletal system during limb development. a) Immunofluores-
cence of Scx (green), Hoxd13, and Sox9 in E12.5 day hind limb. Scale bar, 50 µm. b) Immunofluorescence of Scx (green), Mhc, Ocn, and Sox9 in E15.5 day
hind limb. Scale bar, 50 µm. c) Immunofluorescence of Scx (green), Mhc, Ocn, and Sox9 in E18.5 day hind limb. Scale bar, 50 µm. d) Immunofluorescence
of Scx (green), Dys, Ocn, and Sox9 in 4-week hind limb. Scale bar, 50 µm.
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Figure 5. Single-cell RNA-seq analysis of hind limbs from embryonic wild-type and Scx−/− mice. a) A 3D PCA of single-cell RNA-seq data for E12.5 mice
hind limb cells. Plots are colored by genotypes. b) A 3D PCA of single-cell RNA-seq data for E12.5 mice hind limb cells. Plots are colored by cell types.
c) A PC heatmap showing sources of heterogeneity PC1 in E12.5 mice hind limb single-cell RNA-seq data. Cells and genes are sorted by their principal
component scores. d) Immunofluorescence of Scx-GFP, Mki67, and Pcna in E12.5 day hind limb. Scale bar, 50 µm. e) A gene expression heatmap
showing differentially expressed genes for cell cluster C6 and C9 in E12.5 mice hind limb single-cell RNA-seq data. Red corresponds to high expression
level; Blue and white correspond to low expression levels. f) The enriched GO terms (biological processes) of differentially expressed genes for cell
cluster C6 and C9. Up, GO terms of genes upregulated in C9; down, GO terms of genes downregulated in C9.
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possibly due to their similarity in transcriptional profile (Fig-
ure S8c, Supporting Information, showed).

2.7. Tissue-Specific Genes Reflect Tissue Biological Functions

We then looked to identify tissue-specific genes (TSGs) that were
highly expressed and relatively specific to each tissue. To iden-
tify TSGs, we introduced a method which has been developed for
identifying cell-type marker genes.[17] We calculated the area un-
der the receiver operating characteristic (AUROC) curve to quan-
tify the accuracy of the prediction, and a p-value was assigned to
each gene using the Kruskal–Wallis test, comparing gene ranks
in the tissue with the highest mean expression with all others.
Genes with AUROC > 0.9 and with p < 0.001 were defined as
TSGs. The number of TSGs identified in the wild-type and Scx−/−

tissues ranged from 17 to 1041 and 13 to 1108, respectively (Fig-
ure S8d, Supporting Information).

We performed GO enrichment analysis of TSGs in each tis-
sue type. In general, the enriched GO terms based on TSGs were
highly consistent with the biological functional activities of the
tissue for which the genes were enriched. For example, wild-type
cortex-specific genes were active in biological functions related to
diverse neurophysiological processes, including chemical synap-
tic transmission and nervous system development, whereas the
biological function enrichment pattern for spleen-specific genes
included various immunological processes such as immune sys-
tem process, adaptive immune response, and B cell activation.
However, both wild-type and Scx−/− vascular-specific genes were
related to brown fat cell differentiation, indicating the contami-
nation of vascular samples; we thus excluded this tissue for the
following analysis.

2.8. Differential Expression Patterns Reflect Functional
Differences between Wild-Type and Scx−/− Musculoskeletal
Tissues

To uncover the effects of Scx deficiency on the gene expression
pattern of each tissue, we used DESeq2 to identify genes that were
differentially expressed (p-value <0.05, fold change (FC) >2 or
<−2) between any tissue in Scx−/− mice and its counterpart in
wild-type mice.[18] Although GO enrichment analysis of DEGs
revealed that many of the Scx regulated genes were not associ-
ated with tissue-specific biological functions, we identified con-
sistent downregulation of functional important genes in muscu-
loskeletal tissues. For example, some genes pointed to skeletal
muscle contraction (Tnnt1, Atp2a2, Tnnc1, and Tnni1) and colla-
gen fibril organization (Fmod, Col1a2, Col2a1, Col1a1, and Ser-
pinh1) were downregulated in Scx−/− muscles (Figure 6a), re-
flecting in the significantly smaller muscle fiber diameter (Fig-
ure 6b,c). Similarly, genes related with collagen fibril organiza-
tion, such as Col1a1, Col1a2, and Serpinh1 were also downregu-
lated in Scx−/− cardiac tissue. The expression of Tsp4, a myocyte-
interstitial mechano-signaling molecule central to adaptive car-
diac contractile responses to acute stress, was also suppressed
in Scx−/− cardiac tissue. In addition, genes known as markers
for the positive regulation of osteoblast differentiation, such as
Cebpb, Vegfa, Jag1, Bmpr1b, and Gdpd2, were downregulated in

bones upon Scx deficiency (Figure 6d), which mirrored the de-
fects in bone detected by micro-CT (Figure 6e). The trabecular
bone mass in the astragalus and calcaneus of Scx KO mice was
significantly reduced, and its shape appeared to be irregular (Fig-
ure 6f). For the cartilage, we identified downregulated genes re-
lated to the negative regulation of transforming growth factor
beta receptor (Tgfbr) and BMP signaling pathway (Figure 6g). The
regulation of Tgfbr and BMP signaling is important in chondro-
cyte terminal differentiation and cartilage maturation.[19] H&E
and Safranin O-fast green staining showed that Scx knockout
cartilage was less mature than wild-type (Figure 6 h,i). Taken to-
gether, analysis of organism-wide transcriptomic data identified
that musculoskeletal tissues were the most affected tissues due
to Scx deficiency.

2.9. Scx+ Cell Contribute to Limb Endogenous Repair and Scx+
Cell Ablation Impairs Limb Injury Repair

We used Scx-GFP mice to study the distribution and expression
level of Scx-positive cells in tissue repair process (Figure S9, Sup-
porting Information). From the IF staining, we observed that Scx-
positive cells were expressed in the injured articular cartilage,
meniscus, Achilles tendon, tibialis anterior muscles, and fibula
tissue. When compared to the control group, more positive cells
were observed to gather at the injury site suggesting that Scx+
cells were involved in the repair of limb injuries.

To investigate the role of Scx-expressing cells in the limb re-
pair, we selectively ablated Scx+ cells in vivo using the Scx-cre-
diphtheria toxin receptor (DTR) mouse model (Figure S10a, Sup-
porting Information). We crossed mice with an inducible human
DTR (iDTR) to Scx-cre mice; in this system, musculoskeletal tis-
sues injury models were made separately, subsequently following
ablation of Scx+ cells by DT treatment. For the articular carti-
lage injury model, the control group showed fibrous tissue and
cartilage-like tissue formed at the injury site. While, lesions in the
Scx scavenging group had obvious depressions, the surface layer
was covered with a large amount of fibrous tissue, and the matrix
was arranged disorderly (Figure S10b, Supporting Information).
Thus, these results indicate that ablation of Scx+ cells hindered
the repair of damaged cartilage tissue.

In the meniscus injury model, H&E staining results showed
that the control group contained a large number of fibrochon-
drocytes, while the Scx+ cells scavenging group only had a small
number of fibrochondrocytes around the damaged tissue, and
the anterior horn of the meniscus was incomplete. From the
safranin O staining, a large amount of red-stained cartilage ma-
trix was found in the control group, while the cartilage matrix
in the Scx+ cells scavenging group was scattered in the cartilage
lacuna and chondrocytes (Figure S9c, Supporting Information).
From these results, it can be seen that ablation of Scx+ cells re-
duces the production of fibrochondrocytes in the meniscus and
thus delays meniscus tissue repair.

In the Scx+ cells scavenging group had a large number of
inflammatory cell infiltration at the tendon injury site; the col-
lagen fibers in the scar tissue were disorderly arranged and
the cartilage matrix was widely expressed. In the control group,
the GAG deposition was mainly at the edge of the injury
(Figure S10d, Supporting Information). This shows that the
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Figure 6. Scx deficiency results in abnormal development of musculoskeletal system tissues. a) A gene expression heatmap showing differentially
expressed genes (FC > 2 and p < 0.05) between wild-type and Scx−/− muscles. The enriched GO terms (biological processes) of genes downregulated
in Scx−/− muscles are shown below. b) H&E staining of the muscles in 3-week-old wild-type and Scx−/− mice. Scale bar, 50 µm. c) Statistical analysis
of average diameter of muscle fibers. n(WT) = 226, n(Scx−/−) = 213. Unpaired t-test, p <0.0001. d) A gene expression heatmap showing differentially
expressed genes (FC > 2 and p < 0.05) between wild-type and Scx−/− bones and corresponding enriched biological process terms of DAVID gene
ontology analysis. The enriched GO terms (biological processes) of genes downregulated in Scx−/− bones are shown below. e) MicroCT examination of
knee joints from wild-type and Scx−/− mice. Scale bar, 1 mm. f) H&E staining of the astragalus and calcaneus in wild-type and Scx−/− mice. g) A gene
expression heatmap showing differentially expressed genes (FC > 2 and p < 0.05) between wild-type and Scx−/− cartilages and corresponding enriched
biological process terms of DAVID gene ontology analysis. The enriched GO terms (biological processes) of genes downregulated in Scx−/− cartilages
are shown below. h) H&E staining of the knee joint in wild-type and Scx−/− mice. Scale bar, 500 µm. i) Safranin O-fast green staining of the joint cartilages
and meniscus in 3-week-old wild-type and Scx−/− mice. Scale bar, 100 µm.

ablation of Scx+ cells leads to insufficient repair after tendon in-
jury, and Scx plays an indispensable role in healing of adult ten-
don injury.

Quantitative analysis of the myofiber cross-sectional area
(CSA) showed that the CSA area of the Scx scavenging group
was significantly smaller than the control group (Figure S10e,
Supporting Information). These results indicate that ablation of
Scx+ cells will affect the muscle regeneration process.

From the H&E staining and Massons’s trichrome staining, we
found that the control group had a large amount of cancellous
bone at the broken end of the fracture. While, there were a lot
of hypertrophic chondrocytes and less bone matrix around the
broken end of the fracture in Scx+ cells scavenging group (Fig-
ure S10f, Supporting Information). These results showed that
the ablation of Scx+ cells can delay the formation of mineralized
bone tissue, and affect the regeneration of bone tissue.
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3. Discussion

Single-cell transcriptomic analysis has been increasingly applied
to the study of molecular eventsand subpopulation functions of
various cells/tissues, particularly rare stem/progenitor cells due
to its ability to reveal cell heterogeneity. Our study has provided
an scRNA-seq resource, and the complete and dynamic reper-
toire of transcriptome underlying murine limb development in
vivo. We have further identified novel cell subpopulations dur-
ing limb morphogenesis, especially the Scx+ Hoxd13+ muscu-
loskeletal stem/progenitor cells. In this study, scRNA-seq analy-
sis of the developing limb provides new insights into the muscu-
loskeletal tissue differentiation trajectory and uncovers sequen-
tial waves of expression of regulators that act in differentiation.
Hierarchical and pseudotime ordering identified expression pro-
files that are likely to correlate with functional musculoskeletal
tissue morphogenesis programs during limb development. The
branched trajectory indicated that a precursor population exists
in early stage of musculoskeletal system development, and in
the late stage hard and soft connective tissue formed distinct
branches. Our data will help to better understand limb develop-
ment at the cellular and molecular levels.

Understanding the transcriptome is essential for revealing the
molecular constituents of cells and tissues and interpreting the
function of a gene. The profiling of gene expression is a prevail-
ing approach to reveal the characteristics of the transcriptional
machinery between different status of tissues and cells. RNA
sequencing (RNA-seq) is a revolutionary tool for transcriptome
profiling that uses next generation sequencing technologies.[20]

However, the high cost of RNA-seq limits its application for
organism-wide transcriptome analysis. Here, we introduced a
multiple sample RNA-seq strategy (MuSeq), a more cost-effective
strategy, and constructed an organism-wide transcriptome map
of wild-type and Scx−/− mice. A set of barcodes can be used to
label tens of RNA samples, followed by sample pooling for li-
brary preparation and high-throughput sequencing. The cost of
sequencing for each sample is estimated to be 10–20 USD de-
pending on the depth of sequencing. As exemplified by our study,
MuSeq is applicable to nearly all tissue types. It is an efficient
and inexpensive multiple sample RNA-seq method. However, it
is necessary to mention that this strategy is a 3′ end enriched
RNA-seq, which misses the RNA molecules with no ploy-A tails
and limits the downstream analysis such as alternative splicing
analysis. Using MuSeq, we profiled gene expression of 16 non-
sexual solid tissues and successfully captured the transcriptome
signatures of different tissues. GO analysis indicated that TSGs
were well correlated with the functional characteristics of each tis-
sue. In addition, analysis of DEGs demonstrated that the loss of
Scx may exert different effects on different tissues. Due to space
limitations, here, we only presented results for the most effected
tissues in the musculoskeletal system including bone, cartilage,
and muscle according to the results of MuSeq and histological
examination, which suggested that Scx plays a role in not only
tendon tissue formation but also in other musculoskeletal tissues
morphogenesis.

Normally limb musculature is derived from dorsolateral cells
of the somites that migrate into the limb to form muscles. Mean-
while, non-satellite cell muscle resident progenitors were identi-
fied to partially contribute to the muscle development and home-

ostasis repair.[14] The mesoderm of the early limb bud comes
from the lateral plate mesoderm. The lateral plate mesoderm
cells give rise to the limb connective tissues cartilage, bone, ten-
don, and muscle connective tissue. This study suggests the pos-
sibility of multipotent MSSC contributing to both the connective
tissue and partialmuscle tissue development and repair.

The tendon progenitor cell population is derived from the syn-
detome, lateral plate mesoderm, and neural crest.[2] The syn-
detome is a Scx-positive subdomain that occupies the dorsolat-
eral portion of the sclerotome to form the axial skeleton.[21] Scx
also marks the progenitor cells of tendons and ligaments in the
appendicular and craniofacial regions.[22] Scx is a member of the
basic helix-loop-helix family of transcription factors and is criti-
cal for the proper development and maturation of tendons and
ligament.[22b,23] In Scx−/− mice, force-transmitting and inter-
muscular tendons are reported to be affected and are hypoplastic,
whereas the muscle-anchoring tendons and the ligaments are not
affected.[24] Notably, the size and weight of Scx−/− mice are much
smaller than wild type mice, and Scx−/− mouse showed dras-
tic limitations of motion, indicating an organism-wide influence
of Scx deficiency.[23b,d] Recent studies demonstrated that Scx-
lineage mesenchymal cells within muscle and tendon contribute
to the pathologic development of heterotopic ossification.[25] Loss
of Scx in mice leads to geometric and structural changes in corti-
cal bone, as well as asymmetry in fracture healing.[26] Recently, it
has been reported that Scx is also important for the proper inte-
gration of musculoskeletal components, although its expression
occurs transiently in the chondrogenic cell lineage and enthe-
seal cartilage.[27] Although these efforts have greatly advanced our
knowledge of the wide expression of Scx, many open questions
remain with respect to the identity and regulation of the early
migration and specification events of Scx-lineage cells. By us-
ing scRNA-seq and lineage tracing, we revealed a previously un-
recognized population of musculoskeletal stem/progenitor cells
marked by the expression of Scx. The findings of this single-cell
analysis improved the resolution of gene functions at cell sub-
population level rather than tissue level.

Scx+ cells displayed a unique gene expression profile and con-
tributed to not only tenocytes, but also myocytes, chondrocytes,
and osteocytes. According to our evidence, Scx+ cells have the
potential to contribute to both soft and hard tissue in the muscu-
loskeletal system of the hind limb during development. This uni-
versality remained even in adult tissues homeostasis. We found
that Scx, Mecom, Hoxd13, and Ccnb1 gene, which from earlier
embryonic stage, could be defined as an early progenitor branch.
The Y2 branch presented the hard CT differentiation pathway
with high levels of osteochondro-lineage marker genes Acan,
Col2a1, Sox9, and Sox5. The Y3 branch expressed high levels of
Dcn, Ogn, Col5a1, and Col1a1, presenting the other soft CT. Ge-
netic knockout experiments revealed that Scx+ cells are required
for the development of muscle tissue, osteo-cartilage lineage, and
tendon formation, which is consistent with a previous report stat-
ing that Scx is required for the proper integration and develop-
ment of musculoskeletal system in zebra fish.[28] The deletion of
Scx resulted in the loss of Scx+ Hoxd13+ cell population, which
shared overlapping cell proliferative marker profiles (e.g., Pcna
and Mki67) indicating a stem cell fate potential. Taken together,
the continuous participation of Scx+ cells in musculoskeletal
system development lead us to characterize a Scx-lineage cell
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population in cellular and molecular level and determine its sub-
set of soft and hard tissue precursors responsible for muscu-
loskeletal tissues. This finding renewed current knowledge about
Scx+ progenitor cells and their functions (Figure S11, Support-
ing Information).

The current study using single-cell technologies shed new
light on novel musculoskeletal subpopulations and prospective
markers for their isolation, which facilitated the proper seed
cells selection in translational research. The extracellular matrix
properties and dynamic signaling molecules during the lineage
specification were revealed by trajectory reconstruction based on
the transcriptional landscape of murine hind limb development.
This information may be used in in vitro systems to more robustly
drive embryonic, mesenchymal, or induced pluripotent cells to
musculoskeletal tissues for tissue engineering applications. Ad-
ditionally, a thorough understanding of the limb development
process will hopefully allow recapitulation of complex tissue level
phenotypes and sequential cytokine signal in controlled culture
environments for organoid construction. The precise sequence
of events involved in limb development may provide new targets
to stimulate regeneration of musculoskeletal tissues.

4. Conclusion

In summary, our findings have revealed the diversity of limb
cell types, providing a valuable resource for further investiga-
tions of the molecular mechanisms regulating limb develop-
ment. Our study has also allowed the identification of a mus-
closkeletal stem/progenitor cell population labeled by transcrip-
tion factor Scx, which contribute to the development of the mus-
culoskeletal tissues.

5. Experimental Section
Animals and Tissue Sampling: Rosa26-mT/mG (TdTomato-GFP)

mice[13] were obtained from Nanjing BioMedical Research Institute of
Nanjing University (NBRI) and crossed with Scleraxis-cre mice kindly
provided by Dr. R. Schweitzer (Oregon Health & Science University,
Oregon, USA). Rosa26-stop-iDTR (DTR) mice were kindly provided by
Dr. Wen-biao Gan (Peking University Shenzhen Graduate School). All
animal studies had ethical approval from the Institutional Animal Care
and Use Committee of Zhejiang University (#ZJU20170006). Sixteen
organs or tissues, including adipose, bladder, bone, cartilage, cortex,
heart, hippocampus, intestine, kidney, liver, lung, muscle, rectum, spleen,
stomach, and vascular from 3-week-old wild-type and Scx−/−mice were
used in this study. At necropsy, whole organs were removed, quick-frozen
in liquid N2, and stored at −80 °C for RNA extraction, or fixed in 4%
paraformaldehyde for histological analysis.

RNA-Seq Experiments: RNA-seq was modified from a previous
method. In brief, total RNA was extracted from tissue samples using tri-
zol reagent (TaKaRa); reverse transcription was conducted by SuperScript
II reverse transcriptase (Invitrogen); double strand cDNA was conducted
using NEBNext mRNA second strand synthesis kit (NEB); double strand
DNA was cleaned with AMPure XP beads (Beckman Coulter); sequencing
library was constructed with Nextera XT kit (Illumina) and sequenced on Il-
lumina X Ten platform. Sequence reads were mapped to reference genome
mm10 using Bowtie2 using default parameters and per gene counts were
calculated using HTSeq.[29]

RNA-Seq Data Analysis: All the statistical analyses were conducted us-
ing R statistical programming language. Digital expression data was con-
verted to counts per million by diving with the total number of reads and

multiplying by 106. Hierarchical clustering analysis was performed using
Ward linkage based on a distance matrix of the Pearson correlation of the
samples, and t-SNE analysis was performed using Rtsne package. To iden-
tify TSGs, the area under the ROC curve was first calculated to quantify
the accuracy of the prediction, and a p-value is assigned to each gene us-
ing the Kruskal–Wallis test, comparing gene ranks in the tissue with the
highest mean expression with all others. Genes with areas under the ROC
curve (AUROC) >0.9 and with p <0.001 were defined as TSGs. DESeq2
was used to identify DEGs between each tissue from wild-type and Scx−/−

mice.[18] In this analysis, a gene was considered to be expressed in a sam-
ple if its count value was equal or greater than one in the sample. Genes
with count values of zero across all samples were removed. DEGs were
defined as FC >2 and p-value <0.05. GO analysis was performed using
DAVID.[30]

Preparation of Single-Cell Suspension from Mice Limb: Single-cell exper-
iments were performed on the embryonic Scx-GFP mouse hind limb at
E10.5, E12.5, and E15.5, also on the hind limbs from E12.5 day wild-type
and Scx−/− mice. In general, embryonic experiments were performed on
pooled sibling limbs of one litter (three to five limbs per pool). Embryos
were genotyped and wild-type and Scx−/− mice were dissected and limbs
were isolated. The authors finely chopped the tissue with small scissors
in a drop of Dulbecco’s modified Eagle’s medium (DMEM), and then di-
gested the tissues in type I collagenase 0.1%/trypsin 0.05% (Life Tech-
nologies) diluted in low-glucose DMEM (L-DMEM) (Gibco) solution at
37 °C for 10 min. Then, the tissues were let to settle down and the su-
pernatant was collected in a fresh 50 mL tube, before adding 10% of fe-
tal bovine serum to quench trypsin (on ice to stop collagenase). The di-
gestion steps were repeated for four times or more till all tissues were
digested. The supernatants were then pooled. The pooled supernatants
were filtered through 70 µm cell filters (Falcon BD), and centrifuged for
10 min at 1600 rpm, before re-suspending the pellet in DMEM contain-
ing 2% serum, and the cell suspension was kept on ice until load on
chip.

Single-Cell Capture, cDNA Library Preparation and Sequencing: Single-
cell capture, RNA extraction, and cDNA preparation were performed fol-
lowing the methods described in the Fluidigm protocol (PN 1009886, Us-
ing the C1 HT IFC to Generate Single-Cell cDNA Libraries for mRNA Se-
quencing). In detail, cells were loaded onto the chip at a concentration
of 300 500 cells uL−1, and imaged by phase-contrast microscopy to as-
sess the number of cells per capture site. Wells with more than one cell
were excluded for the following analysis. The cDNA reaction products were
quantified using the Qubit and were then diluted to a final concentration of
0.2 ng µL−1 using C1 Harvest Reagent. The diluted cDNA reaction prod-
ucts were then converted into mRNA-seq libraries using the Nextera XT
DNA sample preparation kit (Illumina, FC-131-1096, -2001 and -2002) fol-
lowing the manufacturer’s instructions. The qualified library was then se-
quenced on Illumina Hiseq X Ten.

Processing of the scRNA-Seq Data: Raw sequencing reads was pro-
cessed with Perl scripts to ensure the quality of data used in further anal-
ysis. The authors first removed the adaptor-polluted reads (reads con-
taining more than five adapter-polluted bases) and the low-quality reads
(reads with the number of Phred quality value less than 19 accounting
for more than 15% of total bases) and then discarded reads with number
of N bases accounting for more than 5%. The obtained clean data was
mapped to the mm10 genome release with Bowtie2 using default param-
eters. Reads count for each gene in each sample was counted by HTSeq.
After obtaining the digital gene expression data matrix, The authors used
Seurat for dimension reduction, clustering, and differential gene expres-
sion analysis.[31] For quality control, The authors excluded cells in which
less than 2000 genes or more than 8000 genes were detected and genes
that are detected in less than 10 cells. This resulted in 1533 cells express-
ing a total of 20 050 genes for E10.5, E12.5 day, and E15.5 hind limb data,
and 761 cells expressing a total of 21 616 genes for E12.5 day wild-type
and Scx−/− mice data. Dimensional reduction was performed and cell
clusters were identified based on the most significant principle compo-
nents. Genes significantly enriched in each cell cluster were identified us-
ing the default algorithm in Seurat. Functional annotation of the result-
ing marker gene lists relative to GO terms was performed using DAVID.
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Trajectory analysis of the CT development was performed using Monocle
(v2.4.0).

Histology and Immunofluorescence: Embryo limbs were harvested at
desired ages, and fixed in 4% paraformaldehyde for 1 day at room tem-
perature, then switched to 30% sucrose/PBS overnight before they were
frozen, embedded, and sectioned. Adult tissues were harvested at desired
ages, and fixed in 4% paraformaldehyde for 1 day at room temperature,
then decalcified in 10% w/v EDTA (pH 7.4) for 20 days before the joints
were embedded in paraffin. Sagittal joint sections were processed for H&E
and safranin O-fast green staining. For immunofluorescence, the follow-
ing antibodies were used: GFP (Beyotime, AG281; Cell Signaling Technol-
ogy, 255S), osteocalcin (Millipore, AB10911), Sox9 (Abcam, ab76997), dys-
trophin (Abcam, ab15277), Mhc (DSHB, MF-20), Myh3 (DSHB, F1.652),
and Runx2 (Sigma, HPA022040); secondary antibodies conjugated with
Alexa Fluor 488 or Alexa Fluor 546 or Alexa Fluor 647 or Alexa Fluor 594
fluorescent dyes (Thermo Fisher Scientific) were used for immunofluores-
cent staining. The stained specimens were photographed digitally under
confocal microscope (Nikon A1R).

Statistical Analysis: One-way ANOVA and Student’s t-test were per-
formed to assess whether there were statistically significant differences
in the results between groups. Values of p < 0.05 were considered to be
significantly different. The significance level was presented as *p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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