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Temporal transcriptome features identify early

skeletal commitment during human epiphysis

development at single-cell resolution

Zhonghao Deng,"?’ Shengwei Rong, "’ Lu Gan,"?/ Fuhua Wang,"?’ Liangxiao Bao," Fang Cai,*
Zheting Liao,"? Yu Jin,"? Shuhao Feng,"? Zihang Feng,"? Yiran Wei,"? Ruge Chen,"? Yangchen Jin,"?

Yanli Zhou,? Xiaoyong Zheng,® Liping Huang,>* and Liang Zhao!-#:¢8*

SUMMARY

Human epiphyseal development has been mainly investigated through radiological
and histological approaches, uncovering few details of cellular temporal genetic al-
ternations. Using single-cell RNA sequencing, we investigated the dynamic tran-
scriptome changes during post-conception weeks (PCWs) 15-25 of human distal
femoral epiphysis cells. We find epiphyseal cells contain multiple subtypes distin-
guished by specific markers, gene signatures, Gene Ontology (GO) enrichment anal-
ysis, and gene set variation analysis (GSVA). We identify the populations committed
to cartilage or ossification at this time, although the secondary ossification centers
(SOCs) have not formed. We describe the temporal alternation in transcriptional
expression utilizing trajectories, transcriptional regulatory networks, and intercel-
lular communication analyses. Moreover, we find the emergence of the ossifica-
tion-committed population is correlated with the COL2A1-(ITGA2/11+ITGB1)
signaling. NOTCH signaling may contribute to the formation of cartilage canals
and ossification via NOTCH signaling. Our findings will advance the understanding
of single-cell genetic changes underlying fetal epiphysis development.

INTRODUCTION

The epiphysis is the round-shaped expansion of long bones at both ends, forming joints with adjacent
bones. The formation and development of epiphysis are significant to the skeletal development of
warm-blooded mammals." Abnormal development of epiphysis may lead to pathological changes charac-
terized by dwarfism and young arthritis, termed epiphyseal dysplasia.”* The human epiphysis forms in the
embryonic stage constituted by hyaline cartilage tissue.”” With development, the epiphysis gradually ex-
pands and the cartilage canals begin to form inside.® Later the secondary ossification center (SOC) occurs
due to the vascular invasion from outside.””” The presence time of SOCs varies significantly with the loca-
tion and species.'%"" As SOCs develop, ossification tissue replaces cartilage tissue, occupying the central
area and separating the growth plate and articular cartilage.'*'* The epiphysis engages in multiple biolog-
ical functions, including load-bearing, bone remodeling, metabolism, and immunity.M'15

The development of epiphysis lasts from embryo to adolescence, classified into 16 stages in a rabbit study.'® By
means of phase-contrast X-ray computed tomography and magnetic resonance imaging, the distal femoral
epiphysis can be recognized 18 days after the conception of human embryos. At post-conception weeks
(PCWs) 10-11, cartilage canals appear at both ends of the femoral epiphysis. The cartilage canals are chan-
nel-like structures composed of muscular arterioles, venules, loose connective tissue, and perivascular capillaries
that form networks inside the epiphysis prior to the appearance of SOCs, contributing to perichondral and endo-
chondral bone formation.® Next, SOCs appear in the epiphysis, which marks the initiation of epiphyseal ossifi-
cation. However, the progress of epiphysis development in humans as well as laboratory animals like mice, rats,
and rabbits was observed mainly through radiological and histological technics.'®'*"""® The molecular mech-
anisms that drive the development of epiphysis have not yet been fully elucidated.

Recent advances in single-cell omics technic have enabled a more comprehensive understanding
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Figure 1. Cell subtypes in human fetal epiphysis identified by scRNA-seq

(A) Schematic of performing cell isolation, scRNA-seq, IF, and extensive analysis methods.

(B) UMAP of scRNA-seq epiphyseal cells colored by time points.

(C) UMAPs of scRNA-seq epiphyseal cells colored by unsupervised clustering of each sample.

(D) Cell proportion of each subtype in each sample.

(E) Heatmap of the average expression level of selected cell-subtype-specific markers for each subtype as identified by
Wilcoxon rank-sum test of scRNA-seq data. See Figure S1D, Table S1.

(F) UMAPs of scRNA-seq epiphyseal cells colored by COL2A1, ACAN, COL1A1, ASPN, PECAM1, and ACTA2. Cells fell
into 14 chondrocyte subtypes, 4 ossification subtypes, 1 endothelial cell subtype, and 1 smooth muscle cell subtype. See
Figure S1F.

(G) Canonical lineage marker expression in epiphyseal cells from scRNA-seq data.

transcriptomics sequencing to the human distal femoral epiphysis samples at PCW15-25 and performed
the analysis with extensive algorithms to reveal the dynamic changes at the single-cell level. We identified
the epiphyseal cell heterogeneity and found that before the emergence of SOCs, some epiphyseal cells
might have determined the commitment toward cartilage or ossification by evaluating the pattern of
gene expression. We constructed a sequence map of human fetal epiphyseal development, providing a
panoramic dataset encompassing cell subtypes, cell trajectories, cell transcription regulatory networks,
and intercellular communication. We performed immunohistology fluorescence (IF) staining in vivo and dif-
ferentiation experiments of osteogenesis and chondrogenesis in vitro to support some of the findings from
the earlier data analysis. In addition, we found the ossification-committed populations may contribute to
the formation of cartilage canals. This study provides a developmental atlas for understanding the cellular
biological process of human epiphysis development.

RESULTS

Single-cell RNA sequencing (scRNA-seq) identifies chondrocyte subtypes, endothelial, and
smooth muscle cells in fetal epiphysis

In this study, four fetal distal femoral epiphysis samples at PCW15, PCW19, PCW22, and PCW25 were
collected, digested, and cell isolated. Next, scRNA-seq was utilized to generate a complementary view
of cell diversity at the mRNA level from these samples by using the 10X Genomics platform (see STAR
Methods) (Figures 1A and 1B). After quality control (Figures STA-S1C), 35,686 epiphyseal cells were re-
tained, integrated after batch effects correction, clustered by unsupervised graph-based algorithm, and
visualized using Uniform Manifold Approximation and Projection (UMAP) using the R package Seurat®“(ver-
sion 4.1.1) (see STAR Methods), resulting in 24 subtypes (Figure 1C). All subtypes were detectable in all
samples, although their proportions varied at different time points (Figures 1D and S1E). These results sug-
gest that during the development of human fetal epiphysis, various cell groups may have formed in the
early stage of development, and the proportion of each cell group may alter subsequently due to division
or differentiation.

Marker genes of each subtype were computed to obtain the transcriptomic signatures (Figures 1Eand S1D,
Table S1). The top 50 markers ordered by the incremental-adjusted p value of each subtype were applied to
Gene Ontology (GO) enrichment analysis (Figure S2, Table S1). Canonical marker genes of predicted lin-
eages in the epiphysis, including chondrocyte (ACAN, SOX9, COL2A1, and HAPLN1),>"%> endothelium
(PECAM1, VWF, CD34, and ENG),”® and smooth muscle (ACTA2, TAGLN, CNN1, and MYH11)?’ were
used to verify the identities of each subtype. Collectively, human fetal epiphyseal cells contain sixteen
chondrocyte subtypes (highly expressed ACAN, SOX9, COL2A1, and HAPLN1), one vascular endothelial
cell subtype (highly expressed PECAM1, VWF, CD34, and ENG), one pericyte/vascular smooth muscle
cell subtype (highly expressed ACTA2, TAGLN, CNNT1, and MYH11), four subtypes highly expressed
COL1A1, COL1A2, ASPN, and POSTN (likely ossification |ineages),78 and two subtypes moderately ex-
pressed COL2AT and COL1AT1 (likely intermediate cell) (Figures 1F and S1F, Table S1). Furthermore, ac-
cording to the GO biological process (GOBP) results, the sixteen chondrocyte subtypes were classified
as two proliferating subtypes (engaged in GOBP: cell division), two metabolism subtypes (engaged in
GOBP: multiple metabolic processes), four regulation subtypes (engaged in GOBP: multiple regulatory
processes), one progenitor subtype (highly expressed PDPN, NT5E, and CD164; engaged in GOBP: cell
differentiation), and seven cartilage development subtypes (engaged in GOBP: cartilage development)
(Figures 1G and S2). IF staining of collagen type | (COL1), collagen type Il alpha 1 chain (COL2A1), von Wil-
lebrand factor (VWF), and a-smooth muscle actin (aSMA, encoded by ACTA2) on sagittal sections showed
the locations of lineages mentioned earlier (see STAR Methods). COL1-positive areas were located close to
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Figure 2. Cartilage and ossification development populations identified by scRNA-seq

(A) UMAP of scRNA-seq epiphyseal cells colored by manual combined populations.

(B) Heatmap of representative GOBP enriched terms with lowest adjusted p values of each population.

(C) Boxplots of Endochondral ossification-associated and Cartilage development-associated genes expression score of each population (Error bar
represent mean =+ SD) (t-test)(****p < 0.0001). See Tables S3 and S4.

(D) Blended UMAPs of scRNA-seq epiphyseal cells colored by GSVA enrichment scores of GOBP: Direct ossification associated (blue) and GOBP: Cartilage
morphogenesis-associated genes (red). See Table S5.

(E) Heatmap of the regulons with differential activity scores in each population and selected motifs for the regulons of particular interest.

cartilage canals. COL2A1 was expressed more widely than COL1 and locally aggregated (Figure S1G). VWF
and aSMA were expressed in the inner wall of the cartilage canals (Figure STH).

Transcriptome signatures distinguish differentiation orientations toward cartilage or
ossification before SOCs formation in the human fetal epiphysis

To obtain a more intuitive view of the fetal epiphyseal cells, similar subtypes were manually combined and
classified into nine populations (dividing cell, metabolic chondrocyte, regulatory chondrocyte, progenitor
cell, cartilage development, intermediate cell, ossification development, endothelial cell, and smooth
muscle cell) (Figure 2A). The 50 markers ordered by the incremental-adjusted p value of each subtype
were applied to GO enrichment analysis as previously described (Table S2). Consistently, each population
was well distinguished as dividing cell population was involved in cell division, cartilage development pop-
ulation in cartilage development and chondrocyte differentiation, metabolic chondrocyte population in
metal ion metabolism, and regulatory chondrocyte population in the regulation of transcription (Figure 2B).
And the ossification development population was involved in cell adhesion, circulatory system develop-
ment, and ossification (Figure 2B).

The distinction between cartilage and ossification development populations was estimated from multiple per-
spectives. In one approach, module scores of gene sets associated with endochondral ossification and cartilage
development showed a significant difference between cartilage and ossification development populations. The
score of the endochondral ossification gene set in the ossification development population was significantly
higher than that in the cartilage development population (p < 0.0001). And vice versa, the cartilage development
score of the cartilage development population was significantly higher than that of the ossification development
population (p < 0.0001) (Figure 2C, Tables S3 and S4). To reduce bias from gene selection, a non-parametric,
unsupervised method for estimating the variation of gene set enrichment named gene set variation analysis
(GSVA) (version 1.42.0) was applied to a random subset of 5,000 cells” (see STAR Methods). The results showed
that the enriched GOBP entries could also distinguish the cartilage and ossification development populations.
For example, according to the GSVA results, the cartilage development subtypes participated in cartilage
morphogenesis and chondroblast differentiation, while the ossification development subtypes participated in
direct ossification and tooth eruption (Figure S3, Table S5). Moreover, the distribution of direct ossification-
and cartilage morphogenesis-associated GSVA enrichment scores could also distinguish the cartilage and ossi-
fication development populations (Figure 2D).

To identify transcription signals involved in each population, pySCENIC® (
gene regulatory networks (GRNs) and transcription factor regulon activity using the GRNboost algorithm, '

version 0.11.2), a tool to infer

was performed on our cells (see STAR Methods). The regulon presents as a gene set including one tran-
scription factor with its potential direct-binding targets.?’ Consistently, the hierarchical clustering based
on regulon activities could also distinguish the cartilage and ossification development populations (Fig-
ure 2E). Moreover, there are several known lineage regulators among the regulons with differential activity
scores in the nine populations, such as SOX9, a known transcription regulator regulating chondrocyte dif-
ferentiation, SOXé, TWIST1, RUNX1, and RUNX2. The high transcription activity in the dividing cell popu-
lation is mainly related to cell cycles, such as TP73, E2F7, E2F2, and TFDP1 (Figure 2E). Collectively, unsu-
pervised clustering, GO enrichment analysis, general expression distribution and the score of selected
gene sets, GSVA, and GRNs analysis suggest that human fetal epiphyseal cells determine the orientations
toward cartilage or ossification earlier than the emergence of SOCs.

The cartilage development population shows two trajectories in early fetal epiphyseal
development

To obtain a dynamic view of the cartilage development population, 500 cells of this population from each
time point were subset randomly and integrated, constructing the developmental trajectories by using the

iScience 26, 107200, August 18, 2023 5



¢? CellPress

O

PEN ACCESS

Pseudotime NN
0 5 10 15

-5 0

0 50%

B 3
0
5 -3
i3 ES
i -6
e PCW22
-9] e PCW25
-5
3
0
Randomly select -3
500 cells/sample ™
€
S -6| esState1
g State 2
§ -9 e State 3
o

D

Tr2 «— Pre branch —>Tr1

Expression

S Scaled expression level
2z 3

=5
Component 1

NOTCH3

LDHA

COL2A1

F e 0@ - Q{)/\x\\ _ v’l’@\ N
NGO R KT D N0 N LV
FTE LT IS
e 7l Regulon activity
2-10 1 2
H
80
YB-1
*kkk
[
*kkk
601 : Lkkkk o PCW12~13
H
8 ©PCW17~20
£
< 40 : v PCW22~24
8 * i o PCW25
- 20 ! % o PCW27~32
| 7
0
6 iScience 26, 107200, August 18, 2023

e TH
-_—Tr2

® State 1
State 2
© State 3

purine r

Cell Proportion
EPCW15 mPCW19 mPCW22 ®PCW25

-log(adjustp.value)0 1 2 3 4 5 6 7 8 9 10

circulatory system development
anatomical structure morphogenesis
muscle contraction

tube morphogenesis

response to wounding

multicellular organismal process
locomotion

cell differentiation

glycolytic process )
ATP generation from ADP | [y

ADP lic process
ATP lic process | [
nucleoside dij ylation | [

process | |[Emmmm—

pyruvate metabolic process [T

process

collagen-containing matrix

extracellular matrix
external encapsulating structure
extracellular space

extracellular matrix structural constituent

platelet alpha granule
extracellular region
cell surface

cartilage development Jjj
ive tissue

skeletal system

extracellular matrix ¢ ) | E—
extracellular structure organization | ——
ing structure ization ||

system development | [

collagen fibril organization | |
proteoglycan process
|

PCW12+5

PCW22

sCRNA seq expression level

200pm

PCW15 PCW19 PCW22 PCW25

iScience



iScience

Figure 3. Trajectories of the Cartilage development population and GRNs analysis over the progress

(A) Schematic of approach subsampling cells for trajectory analysis.

(B) Trajectory plots color by samples (top left), pseudotime (top right), and cell states (bottom left). Cell proportion of each
state of each sample (bottom right).

(C) Expressions of the top 200 branch-dependent genes with g value < 0.0001. Genes were classified into four clusters.
(D) Selected genes (NOTCH3, RGS5, THY1, LDHA, ACAN, COL2A1, COMP, and LUM) expression of two trajectories over
pseudotime, with dots colored by states.

(E) GO enrichment analysis of clustered genes from (C).

(F) Heatmap of the regulons with differential activity scores in each state.

(G) Represent IF staining of YB-1 (green) on sagittal epiphyseal sections. Boxplot of scRNA-seq epiphyseal cells colored
by YBX1 (Error bar represent mean + SD). See Figures S4A and S5.

(H) Quantification of YB-1-positive staining by calculating integrated optical density (IOD)/Area of each group
(PCW12~13,n =2; PCW17~20, n = 3; PCW22~24,n = 3; PCW25, n = 3; PCW27~32, n = 3) (Error bar represent mean + SD)
(test by one-way ANOVA) (****p < 0.0001).

algorithms based on unsupervised feature selection from dense cell clusters and discriminative dimension-
ality reduction via learning a tree (DDRTree) built in Monocle package (version 2.22.0)°**%see STAR
Methods) (Figure 3A). The pseudotime used in Monocle is an abstract unit describing the position of cells
widely distributed in terms of progress based on the amount of transcriptional change. Within our data, the
pseudotime from 0 to 20 reflected the actual developmental time of the samples from PCW15 to PCW25
(Figure 3B). At the start of the trajectory, cells in state 1 were constituted mainly by the sample at PCW15. As
development progressed, cells in state 1 passed through a branching point, dividing into trajectory 1
reaching state 3 and trajectory 2 reaching state 2, respectively. The number of cells in state 2 was far
less than that in state 3, which suggested that the main trajectory of cartilage development population
might start from state 1 to state 3. (Figure 3B).

The top 200 branch-dependent genes with g value < 0.0001 were used to construct the heatmap, showing
four distinct expression dynamics gene sets along branch 1 (Figure 3C). The expressions of NOTCHS3,
RGS5, and THYT in trajectory 2 were higher than those in trajectory 1, while the expressions of ACAN,
COL2A1, and COMP were higher in trajectory 1 (Figure 3D). GO enrichment analysis showed that genes
with increasing expression levels along with trajectory 1 were involved in cartilage development and extra-
cellular matrix organization, while the genes with increased expression levels along with trajectory 2 were
involved in circulatory system development and tube morphogenesis (Figure 3E). This result also sug-
gested that the cells in state 3 might play a major role in the development of epiphyseal cartilage.

Next, the differential regulons activities underlying the cells in each state were calculated by using the
FindAllMarker algorithm in Seurat (see STAR Methods). The top 5 regulons with significant high activity
in each state were elected to construct a heatmap (Figure 3F). Among the cells in state 1, YBXT, a known
transcript factor implicated in the regulation of transcription and translation, was of high activity. Since the
regulon activity is calculated based on multiple genes regulated by one transcription factor, a high regulon
activity is unequal to a high expression of a transcript factor. Thus, the combination of gene expression and
regulon activity may help to screen out some significant transcription factors. Through this approach, six
transcription factors with detectable expression trends during development were screened out (Fig-
ure S4A). The immunofluorescent staining of YB-1 and HIF1A estimated the consistency of this approach.
YB-1 showed the highest expressed levels at PCW15 and decreased during development (Figures 3G and
3H). Cells that expressed HIF1A were located close to the cartilage canals. And their expression levels had a
similar trend to the gene expression levels detected by scRNA-seq during development (Figures S4B
and S4C).

To show the co-localization relationship between transcription factors and their targets and their expres-
sion changes over development, we selected three proteins from downstream targets of HIF1A or YBX1
for IF co-staining. ERRFI1 is a target gene of HIFTA, encoding MIG-6 (Figure S4F). IF results showed that
both HIF1TA and MIG-6 were expressed around the cartilage canal (Figure S4D), and the quantitative
dynamic of MIG-6 expression over development was the same as that of HIF1A (Figure S4E). Both CALR
(encoding CALR) and CDé3 (encoding CDé63) are target genes of YBX1. The expression of CALR and
CDé3 tended to decrease gradually from PCW12 to PCW25 according to IF co-staining, exhibiting a similar
trend as gene expression (Figures SS5A-S5D and S5H). However, compared with PCW25, the expression of
CALR and CDé3 in PCW27 ~ 32 samples increased significantly (Figures SSA-S5D).
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Figure 4. Trajectories of the Ossification development population and GRNs analysis over the progress

(A) Schematic of approach subsampling cells for trajectory analysis.

(B) Trajectory plots color by samples (top left), pseudotime (top right), and cell states (bottom left). Cell proportion of each
state of each sample (bottom right).

(C) Expressions of the top 200 branch-dependent genes of branch 2 with g value < 0.0001. Genes were classified into six
clusters.

(D) Selected genes (JUNB, COMP, VCAN, ACAN, IGFBP5, COL1A2, and MMP2) expression of trajectory 3 and 4 over
pseudotime, with dots colored by states.

(E) GO enrichment analysis of clustered genes from (C).

(F) Heatmap of the regulons with differential activity scores in each state.

(G) Represent IF staining of FOSB (green) and NF-1 (red) on sagittal epiphyseal sections. Within the dotted line represents
the cartilage canal structure. See Figures S6D, S7, and S8.

(H) Quantification of FOSB-positive staining by calculating IOD/Area of each group (PCW12~13,n = 2; PCW17~20, n = 3;
PCW22~.24, n = 3; PCW25, n = 3; PCW27~32, n = 3) (Error bar represent mean =+ SD) (test by one-way ANOVA) (n.s, p >
0.05; ****p < 0.0001).

(1) Quantification of NF-1-positive staining by calculating IOD/Area of each group (PCW12~13,n = 2; PCW17~20, n = 3;
PCW22~.24, n = 3; PCW25, n = 3; PCW27~32, n = 3) (Error bar represent mean + SD) (test by one-way ANOVA)

(****p < 0.0001).

Moreover, human umbilical cord blood mesenchymal stem cells (UBMSCs) were purchased and expanded for
chondrogenic differentiation under micromass culture (see STAR Methods) (Figures S5E and S5F). We selected
the downstream target genes of YBX1 to analyze the expression level over chondrogenic differentiation.
Compared with the expression dynamics of the corresponding gene over cartilage development obtained by
single-cell sequencing, the trend of in vitro differentiation experiment is similar (Figures S5G and S5H).

The ossification development population shows four trajectories and two branches in early
fetal epiphyseal development

Discovering the ossification development population in epiphysis before SOCs formation was unexpected.
Similar approaches were also performed on this population to obtain a clear view of its developmental tra-
jectories. A total of 1,200 cells integrated by 300 from each sample randomly constructed the trajectories
(Figures 4A and 4B). The pseudotime calculated by Monocle matched the actual developmental time of the
samples (Figure 4B). In this progress, the ossification development populations went through two
branches, resulting in four trajectories and five states (Figure 4B). The proportion of cells from PCW15
was highest in state 1 and dropped gradually over time. On the contrary, the percentage of cells from other
time points gradually increased with time (Figure 4B). Most cells from state 1 transitioned into state 3
through the first branch, resulting in the minimum proportion of state 2. Next, cells from state 3 transitioned
into state 4 and state 5 through the second branch (Figure 4B).

The top 100 branch-dependent genes of branch 1 with g value < 0.0001 were used to construct the heat-
map, showing three distinct expression dynamics gene sets along branch 1 (Figure S6A). Before reaching
the second branch, the expressions of ACTG1 and THYT in trajectory 1 were higher than those in trajectory
2, while SPARC and THBS2 were higher in trajectory 2. The genes correlated with chondrocyte differenti-
ation as CHI3L1 and MSMP showed decreasing expression over time in both trajectories (Figure S6B). GO
enrichment analysis of the aforementioned gene sets revealed that genes in trajectory 2 are involved in cell
migration and tube development. And cells in trajectory 1 might implicate extracellular matrix organization
and ossification (Figure S6C).

Since most cells went through the second branch, trajectory 3 and trajectory 4 might potentially be the
main progress during ossification development in this period. Similarly, the top 100 branch-dependent
genes of branch 1 with g value < 0.0001 were used to construct the heatmap, showing six distinct expres-
sion dynamics gene sets along branch 1 (Figure 4C). After the cells passed through the second branch, the
expressions of JUNB and VCAN in trajectory 3 were higher than those in trajectory 4, while ACAN, COL1A2,
and MMP2 were higher in trajectory 2 (Figure 4D). Using the aforementioned six gene sets as input, GO
enrichment analysis revealed that genes highly expressed in trajectory 3 are involved in vasculature devel-
opment, cell differentiation, and cell migration. And cells in trajectory 4 might implicate extracellular matrix
organization, trabecula formation, and ossification (Figure 4E).

Next, similar approaches determined the differential active regulons in each state. Cells in state 5, with the
highest proportion, exhibited high activity of some previously reported transcription signals correlating to
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Figure 5. Trajectory and GRNs analysis of integrated cells from the Intermediate, Cartilage development, and
Ossification development populations and the transcriptome identified to be expressed in Intermediate cell
population

(A) Trajectory plots color by cell states. See Figures S9A and S9B.

(B) Cell proportion of each state of each sample. See Figure S9C.

(C) Trajectory plots color by populations.

(D) Expressions of the top 100 branch-dependent genes of branch 1 with g value < 0.01. Genes were classified into three
clusters.

(E) GO enrichment analysis of clustered genes from (D).

(F) COL1A1T and COL2A1 expressions of trajectory 1 and 2 over pseudotime, with dots colored by states. See Figure S9D.
(G) Heatmap of the regulons with differential activity scores in each state.

(H) Boxplot of transcriptome factor ERG exhibited expression specifically in the Intermediate cell population (Error bar
represent mean + SD).

(1) Represent IF staining of ERG (red) on sagittal epiphyseal sections. The dotted line position refers to the distal edge of
epiphysis. See Figure S10.

(J) Quantification of ERG-positive staining by calculating IOD/Area of each group (PCW12~13,n = 2; PCW17~20, n = 3;
PCW22~.24, n = 3; PCW25, n = 3; PCW27~32, n = 3) (Error bar represent mean + SD) (test by one-way ANOVA)

(****p < 0.0001).

ossification as SHOX2, NFIA, and NFIX**~* (Figure 4F). Through the screening of regulon activity and gene
expression level, six transcription factors that can be detected and show the trend of time change were ob-
tained (Figure S6D). The immunofluorescent staining of FOSB and NF-1 reflected a consistent trend be-
tween the protein and mRNA expression over epiphyseal development (Figures 4G and S6D). The expres-
sion of FOSB increased from PCW12 and peaked at PCW25 (Figure 4H), while the protein level of NF-1
peaked at PCW22-24, showing a similar pattern to its mMRNA expression (Figures 4l and SéD).

Both LRP1and ATF4 are downstream target genes of FOSB. IF results showed that FOSB and LRP1 were co-
stained (Figure S7A), and LRP1 expression gradually increased over development (Figure S7C). ATF4 and
FOSB were also co-localized (Figure S7B), and the expression of ATF4 increased slightly over development
(Figure S7D). We found that the dynamic expression of LRPT and ATF4 in the ossification development
population was similar to that of FOSB over development (Figures S6D, S7E, and S7F). We obtained human
UBMSCs and human placental mesenchymal stem cells (PMSCs) for osteoblastic differentiation in vitro (see
STAR Methods). We observed that the expression of LRPT increased significantly in the early stage of oste-
oblastic differentiation (Figures S7G and S7H). Moreover, we found that the expression of downstream
target genes of FOSB (FN1, KLF6, MAPRE2, COL3A1, and LIMAT) over osteogenic differentiation was
similar to that of scRNA-seq data (Figures S8A-S8C). We also observed the co-location of NF-1 with its
two downstream targets (IGF-1 and ASPN) (Figures S8D and S8E). The dynamic expression of IGF-1 and
ASPN protein was consistent with the gene expression observed from scRNA-seq (Figures S8F and S8G).

The intermediate cell population distributes evenly during cartilage and ossification
development

There was a population of cells expressing a moderate level of COL2 (COL2A1 and COL2A2) and COL1
(COL1AT and COL1A2) in our data, named intermediate cell. The position of cells in UMAP can partially
reflect the cell relationship between one another by the distance.”” The intermediate cell population
was distributed between the cartilage development population and ossification development population
in UMAP, indicating similar mRNA features to the two adjacent populations (Figure 2A). GO enrichment
analysis revealed that the intermediate cell population might implicate the GOBPs as tissue development,
endoderm formation, and extracellular structure organization (Figure 2B). The earlier findings may lead to
the inference that the intermediate cell population is a transitional population involved in cartilage and
ossification development.

To investigate the dynamic relations among the three populations mentioned earlier, a total of 2,160 cells
integrated by 180 from each population from each sample randomly constructed the trajectories (Fig-
ure 5A). The pseudotime calculated by Monocle matched the actual developmental time of the samples,
and the cells in state 1 mainly came from PCW15 (Figures 5B, S9A, and S9B). The first branch distinctly sepa-
rated the fate of cells toward cartilage or ossification development but not the cells in the intermediate cell
population with a more even distribution in each state (Figure 5C). However, cells from these three popu-
lations constitute the cells in state 1, making it difficult to determine which is the "progenitor" of cells in
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Figure 6. Alterations in network structure and signaling strength of cell-cell communication inference during human fetal epiphyseal development
(A) Histograms of the number of inferred interactions and interaction strength in each sample.

(B) Dot plots of incoming and outgoing interaction strength color by cell subtypes.

(C) Circle plots of interaction weights/strengths of each population in each sample.

(D) Relative information flow of PCW19 compared with PCW15. Pathways with the same color as samples indicated significant upregulation.

(E) Relative information flow of PCW22 compared with PCW19. Pathways with the same color as samples indicated significant upregulation.

(F) Relative information flow of PCW25 compared with PCW22. Pathways with the same color as samples indicated significant upregulation.

(G) Word cloud showed upregulated signaling ligands at PCW15 (left) and upregulated signaling ligands at PCW19 (right). Word size indicates the extent of
enrichment at PCW15 or PCW19.

(H) Word cloud showed upregulated signaling ligands at PCW19 (left) and upregulated signaling ligands at PCW22 (right). Word size indicates the extent of
enrichment at PCW19 or PCW22. See Figures ST1A-S11D.

(1) Word cloud showed upregulated signaling ligands at PCW22 (left) and upregulated signaling ligands at PCW25 (right). Word size indicates the extent of
enrichment at PCW22 or PCW25. See Figures ST1E and S11F.

subsequent states (Figure S9C). These results suggest that the intermediate cell population is a population
with maturation similar to the cartilage or ossification development population rather than their ancestors.

The branch-specific gene analysis showed three distinct expression dynamics gene sets along branch 1 (Fig-
ure 5D). GO enrichment analysis revealed that genes in trajectory 1 are involved in cartilage condensation
and cartilage development. And cells in trajectory 2 might implicate extracellular matrix organization, blood
vessel development, and ossification (Figure 5E). In state 1, the expressions of COLTAT and COL2AT increased
over time before reaching the first branch. After the first branch, the mRNA level of COL1A7, as well as IGF1 and
POSTN, kept increasing in trajectory 2 while decreasing in trajectory 1. On the contrary, the mRNA level of
COL2A1, ACAN, and COMP increased in trajectory 1 while it decreased in trajectory 2 (Figures 5F and S9D).

The branch-specific gene analysis clustered three expression dynamics gene sets along branch 2 (Fig-
ure S9E). Nevertheless, genes with increasing expressions in trajectory 4 are also expressed in trajectory
3. GO enrichment analysis revealed that genes in trajectory 3 are involved in skeletal system development
and cartilage development. And cells of pre-branch might implicate cell division (Figure S9F).

Next, the regulatory networks inference also showed distinct differential active regulons in states 2 and 4.
Cells in state 2, constituted mainly by the cells from the ossification development population, exhibited
high activity of SHOX2, MAFB, HES1, NFIA, and JUNI (Figures 5G and S9C). And in state 4, cells mainly
came from the cartilage development population and exhibited high activity of known chondrogenesis
regulators such as SOX9and HIF1A**9 (Figures 5G and S9C). These results further prove that the interme-
diate cell population with even distribution over this progress is related to cartilage and ossification devel-
opment. Erythroblast transformation-specific (ETS) transcription factor ERG (ERG), a transcription factor
with high expression and its high regulon activity mainly in the intermediate cell population, was elected
to perform the immunofluorescent staining on the sagittal section of the epiphysis (Figures 5H and 5I).
The ERG-positive cells were located close to the surface of the epiphysis and showed an increasing expres-
sion over development (Figures 5l and 5J). The IF co-staining showed the co-localization of ERG with its two
downstream targets (GLI3 and SEMA3A) (Figures ST0A and S10B). However, the protein expressions of
GLI3 and SEMA3A increased gradually over development, and there was no decrease after the peak of
gene expression showed in PCW19 from scRNA-seq (Figures S10C and S10D).

The human fetal epiphysis displays complex and dynamic cell-cell communication networks
during development

The cell-cell communication networks underlying fetal epiphyseal development were inferred by using
CellChat (version 1.4.0). CellChat infers the biologically significant cell-cell communication by assigning
each ligand-receptor interaction with a probability value and performing a permutation test*' (see STAR
Methods). A subset of 3,000 cells randomly selected from each sample was analyzed separately. The total
number and overall strength of inferred interactions within the epiphysis increased from PCW15 and
peaked at PCW22 (Figure 6A). The incoming and outgoing interaction strength dynamically changed
among every subtype during development (Figure 6B). The ossification development subtypes, including
C2, C3, and C4, retained relatively higher incoming and outgoing interaction strength at each time course
(Figure 6B). In most cases, self-interactions and inter-population interactions occurred continuously in early
epiphyseal development, constructing complex cell-cell communication networks (Figure 6C).
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Figure 7. Upregulated signaling correlated with the emergence of the Ossification development population

(A) Trajectory plots of the Ossification development population colored by subtypes.

(B) Dot plots of COLLAGEN signals received by the Ossification development population from other populations at
PCW15 and PCW22. See Figure S12.

(C) Chord diagram of COL2A1-(ITGA2-ITGB1) signaling at PCW19.

(D) Stack violin plots of expressions of ligands and receptors correlating to COLLAGEN signaling in each population at
PCW15 and PCW19. Genes in red were detected at PCW19 but not PCW15.

(E) Boxplots of predicted promoters/enhances (KLFé, YY1, ZEB1, TCF7L2, ZBTB10, and JUND) exhibited expression
trends among each sample of the Ossification development population (Error bar represent mean + SD).

The comparison results of samples at adjacent time points (PCW5 vs. PCW19, PCW19 vs. PCW22, PCW22
vs. PCW25) revealed significantly down- or upregulated information flows over the progress (See STAR
Methods) (Figures 6D-6F).

At PCW19, the ligands involved in COLLAGEN signaling were strengthened compared to PCW15 (Fig-
ure 6G). Details of the COLLAGEN signaling alternation during development are investigated in the
next section. At PCW22, JAGT-mediated NOTCH signaling was strengthened significantly (Figure 6H).
From PCW19 to PCW22, JAGT and NOTCH3began to be expressed in some subtypes, indicating stronger
interactions mediated by these correlating ligands and receptors (Figures S11A and S11B). The endothelial
and smooth muscle cell populations, as senders and receivers, were engaged in all of the JAG1-mediated
NOTCH signalings. Compared with other cell populations, the NOTCH singling target genes (HES5, HES7,
HEY1, HEY2, MYC, and so on)* were mainly expressed in the endothelial and smooth muscle cell popula-
tions (Figure S11C). Compared to PCW19, the endothelial and smooth muscle cell populations of PCW22
tend to exhibit higher expression of NOTCH signaling targets (Figure S11C).

In the trajectory analysis of the ossification development population, GO enrichment analysis revealed that
genes highly expressed in trajectory 3 (also state 4) are involved in tube development. Previous literature
has reported that NOTCH signaling participates in the regulation of angiogenesis and endochondral ossi-
fication in bone.**** Therefore, we observed the expression of ligands, receptors, and targets of NOTCH
signal and endochondral ossification-related genes in PCW22 and PCW19 cells at state 4. These cells in
PCW?22 exhibited higher expression levels of NOTCH signaling-related genes, COL1A1, COL1A2, and
endochondral ossification-related genes but lower COL2A1 than PCW19 (Figure S11D). These data indi-
cate that NOTCH signaling may contribute to the ossification during early fetal epiphyseal development.

JAG1 is a known ligand capable of promoting angiogenesis via NOTCH signaling.*” DLK1, with lower ex-
pressions in the ossification development population (Figure ST11A), is another known ligand capable of
regulating angiogenesis via NOTCH signaling.*®*’ These results suggested that NOTCH signaling may
play a vital role in the development of cartilage canals. When it reached PCW25, FGF2-, FGF7-, and
FGF18-mediated fibroblast growth factor (FGF) signalings were significantly upregulated (Figure 6l).
FGF7 and FGF18 were found to be expressed mainly in the Ossfication development subtypes (Fig-
ure ST1E). Moreover, the expression levels of FGFR1 in the Ossfication development population were
higher than those in the cartilage development population (Figure ST1E). FGF family members play a
role in cell survival, cell division, cell differentiation, and cell migration.*® FGF18 has been found as impor-
tant regulators in the process of normal ossification and bone development.”” In our cell-cell communica-
tion inference, the ossification development and intermediate cell populations received signals of FGF2 as
well as FGF18 from other populations at PCW25 (Figure S11F).

Collectively, the analysis of cell-cell communication herein demonstrates a complex and dynamic intercel-
lular network during human fetal epiphyseal development.

COL2A1-(ITGA2+ITGB1) and COL2A1-(IGTA11+ITGB1) signaling may implicate the
emergence of the ossification development population

In the trajectory analysis of the ossification development population, cells in state 5 mainly came from C2
and C3 (Figures 4B and 7A). GO enrichment analysis of genes enriched in trajectory 4 indicated the cells in
state 5 participated in GOBPs like trabecula formation and ossification (Figures 4C and 4E). Thus, focusing
on the changes in signals received by these cells from others during development may reveal the mecha-
nism involved in their emergence. The signals received by the ossification development population C3
changed obviously from PCW15 and PCW19 in terms of types and strength (Figures S12A-S12D). Among
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these altered signals at PCW19, COL2A1-(ITGA2+ITGB1) and COL2AT-(IGTA11+ITGB1) signals, with
maximum probability, were predicted to mediate interactions between COL2AT highly expressed popula-
tions and the ossification development population C3 (Figures 4B, S12A, and S12B). Itis also the situation in
the ossification development C2 (Figure 7C). ITGAZ encodes an alpha integrin and forms a heterodimer
with a beta subunit, functioning as a transmembrane receptor for collagens and related proteins.*® Previ-
ous studies have reported that integrin receptors were able to mediate the master transcription factor
RUNX2in osteoblast differentiation.”’ Interestingly, the expression of ITGA2and ITGA11 was not detected
in the ossification development population until PCW19 (Figure 7D). In addition, predicted promoters or
enhancers of ITGA2 (KLF6, YY1, ZEB1, TCF7L2, ZBTB10, and JUND)"? showed a similar trend of increasing
expression levels from PCW15 and peaking at PCW22 (Figure 7E). These results indicate that COL2A1-
(ITGA2+ITGB1) and COL2A1-(IGTA11+ITGB1) signaling may implicate the emergence of the ossification
development population.

DISCUSSION

In this study, we investigated the dynamic transcriptome changes during the development of early fetal
epiphysis at the single-cell level. Our data demonstrate that epiphyseal cells contain multiple subtypes
distinguished by specific markers, gene signatures, GO enrichment analysis, and GSVA. The analyses of
cell trajectories, transcriptional regulatory networks, and intercellular communication described the alter-
nation in transcriptional expression at this stage. Therefore, we constructed a sequence atlas of human fetal
epiphyseal development, providing a panoramic dataset encompassing cell subtypes, cell trajectories, cell
transcription regulatory networks, and intercellular communication. We also found that transcriptome
expression has determined differentiation orientation to cartilage or ossification among the subtypes at
this stage. Moreover, the ossification development population may play a vital role in cartilage canal for-
mation at this stage and SOCs formation at the next stage. Our findings will advance the understanding of
cell biological changes during epiphysis development.

During PCW15-PCW?25, the epiphysis of the distal femur expands in size, inside which the cartilage canal
appears.® Cartilage canals are cartilaginous tubes containing vessels, embedded in hyaline cartilage.'®>’
Consistent with these reports, we confirmed the existence of the populations of chondrocytes, endothelial,
and smooth muscle cells. The endothelial and smooth muscle cells may contribute to the formation of ves-
sels in the cartilage canals. We also observed the self-fluorescent red blood cells in the cartilage canals via
digital sections, indicating interconnections with the circulatory system (Figure S1G). These results suggest
vascular endothelial cells and smooth muscle cells may migrate from other areas to the epiphysis. However,
the expression of HIF1A (around these canals) (Figure S4B) and ANGPTL4 (in the endothelial cell at PCW25,
data not shown) indicated it was still a hypoxia environment in the epiphysis. Further studies are needed to
investigate the cellular biology underlying the emergence of cartilage canals.

In epiphysis, SOCs are considered the starting points of ossification.® Although the determinants of SOCs for-
mation have not yet been fully elucidated, external vascular invasion and incorporation with cartilage canals were
believed to be vital triggers.”> The SOCs generally form at PCW28 in distal femoral epiphysis.® Our findings
add to one opinion that transcriptome expression may have determined differentiation orientation toward carti-
lage or ossification before SOCs formation. We found that the expression levels of COLT(COL1ATand COL1A2)
and COL2 (COL2A1 and COL2A2) were able to distinguish epiphyseal cells other than endothelial and smooth
muscle cells, resulting in COL2"COL1"® cells with high expression of COL2 and low expression of COL1,
COL2°COL1" cells with highly expressed COLT but lowly expressed COL2, and COL2™°COLI™ cells with
moderate expression of COL1 and COL2 (Figures 1F and S12D). The organization of type | collagen is one of
the significant steps during the early osteoblast differentiation and ossification.”® Moreover, the GO enrichment
analysis and GSVA indicated COL2°COL1" cells engaged in tube morphogenesis, ossification, trabecula forma-
tion, and extracellular matrix organization (Figures 2B, 4E, S3, and S4, Table S5). Regulons correlating to bone
development, such as ALX4, TWIST1, and DILX2>" 7 were inferred to be differentially active in coL2ecoLrh
cells by GRNSs analysis (Figure 2E). Therefore, we speculate that a group of cells has committed toward ossifica-
tion during early fetal epiphyseal development.

We further analyzed the development trajectory of this population and observed that cells are mainly
distributed in two trajectories: trajectory 3 and trajectory 4 (Figure 4B). The highly expressed genes of tra-
jectory 4 were enriched in bone trabecular formation, ossification, and biomineralization (Figures 4C and
4E) in GO analysis, suggesting that trajectory 4 may be more specifically related to ossification
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development and osteogenic differentiation. The GRNs and expression analysis revealed NF-1 is one of
the active transcription factor signals in trajectory 4 cells (also state 5 cells). The dynamic expression of
NFIA in scRNA-seq data over development (Figure S6D), NF-1 in the IF staining over development
(Figures 4G and 4l), and NFIA over in vitro osteogenic differentiation were consistent (Figures S8A and
S8B). We also screened out two downstream targets of NF-1 (IGF-1 and ASPN). Both IGF-1 and ASPN
have been reported to be involved in the process of osteoblast differentiation or collagen biomineraliza-
tion.?%¢" We observed the co-localization of IGF-1 and ASPN with NF-1 and similar expression trends (Fig-
ure 4l and S8F). The consistent results from the IF co-localization assay and in vitro cell differentiation assay
also fortify the findings acquired from scRNA-seq data (Figures S8A and S8B).

GO enrichment analysis revealed that highly expressed genes in trajectory 3 correlated with tube development
(Figures 4C and 4E). It indicates that cells of trajectory 3 may contribute to the formation of cartilage canals. FOSB
was one of the active transcriptional signals in trajectory 3. Both LRPT and ATF4 are downstream targets of FOSB.
Previous studies have proved that both LRP1 and ATF4 regulate the process of osteogenesis.**°" ATF4, a tran-
scription factor, is able to promote biomineralization via mTOR signaling.®’ We observed the co-localization of
FOBS and its targets (LRP1 and ATF4) (Figures S7A and S7B). The expression of LRP1 and ATF4 increased over
development (Figures S7C and S7D). The differentiation experiments also verified that the expression of LRP1
will increase over osteogenesis (Figure S7H). We also detected the expression of other downstream genes of
FOSB in osteogenic differentiation, including FN1, KLF6, MAPRE2, COL3A1, and LIMA1. These genes also
showed an increasing trend over early osteogenesis. These results suggest that the cells in trajectory 3 are
involved not only in tube formation but also in the regulation of osteogenic differentiation. Collectively, these
COL2°COL1" cells may play a key role in cartilage canals and SOCs formation.

To find out the clues to the mechanism of the emergence of the ossification development population, we
performed a cell-cell communication analysis. We found that signals COL2AT-(ITGA2+ITGB1) and
COL2A1-(ITGA11+ITGBI1) elevated between the ossification development population C3 (receiver) and
the other COL2"COL 1" cells (senders) after PCW15 (Figure S12). Since epiphysis originates from cartilage
development, we speculate that the formation of type 2 collagen is earlier than that of type 1 collagen. The
proportion of the ossification development subtypes at PCW15-PCW25 also supports speculation (Fig-
ure 1D). Thus, the expression of receptors (ITGA2+ITGB1 or ITGAT1+ITGB1) may be the key to the pres-
ence of the ossification development population. ITGB1 was expressed in most cells since PCW15. How-
ever, the expression of ITGA2 and ITGA11 was not detected in the ossification development population
until PCW19 (Figure 7D). Moreover, some promoters or enhancers predicted to modify ITGAZ also exhibit
increased expression in this population from PCW15 to PCW22 (Figure 7E). Together with ITGB1, ITGA2 or
ITGA11forms an integrin receptor, receiving signals from COL2"'COL1" cells via binding to COL2A1. It has
been reported that COL2AT-(ITGA2+ITGB1) and COL2A1-(ITGA11+ITGB1) signalings were implicated in
mediating the master transcription factor RUNX2 in osteoblast differentiation.®” Collectively, the emer-
gence of the ossification development population may correlate with the expression of ITGA2 and
ITGA11. However, the mechanism underlying the presence of ITGAZ or ITGA11 in these cells remains un-
clear. Further epigenetic studies may help to answer this question.

We also identified COL2™°COL1™° cells with moderate expression of COL1 and COL2. Indeed, the expres-
sion levels of COL4A2, COL6 (COL6AT, COL6A2, and COL6A3), and COLY (COLYA1, COLYA2, and
COL9A3) in COL2™COL1™ cells were also between those in COL2MCOL1'° and COL2'°COL1" cells (Fig-
ure 7D). COL10AT was not detected among these cells, indicating that they are not likely hypertrophic
chondrocytes.®**® Trajectory analysis indicated that the COL2™°COL1™® cells were not the ancestor of
the Ossification and cartilage development populations. COL2™°COL1™® cells were distributed evenly
in all trajectories, suggesting that they might correlate with ossification and cartilage development (Fig-
ure 5C). Therefore, we thought the population of COL2"°COL1™® cells was an intermediate state between
ossification and cartilage development rather than an independent one. Thus, we named it the intermedi-
ate cell population. When analyzing the transcriptional regulatory signals, we found that most active reg-
ulons of the intermediate cell population overlapped with those of the cartilage and ossification develop-
ment populations (Figure 2E). We screened out a transcription factor ERG, which was highly expressed in
the intermediate cell population but not in the cartilage and ossification development populations (Fig-
ure 5H). ERG is a member of the ETS family of transcription factors. It is key to embryonic development,
cell proliferation, differentiation, angiogenesis, inflammation, and apoptosis.®® We found that ERG protein
was expressed highly in the cells close to the epiphyseal surface (Figure 51). GLI3 and SEMA3A, downstream
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targets of ERG, were co-localized with ERG (Figures S10A and S10B). Both of these two genes are reported
to be involved in the development of the skeletal system.®’ " However, the difference is that the protein
expression levels of GLI3 and SEMA3A continue to increase over development, and there is no peak situ-
ation like the existence of genes (Figures S10C and S10D). This result may be related to the lag between
protein translation and gene transcription, the rate of protein degradation, or the diverse network of
gene regulation. It has been reported that hypertrophic chondrocyte was able to transdifferentiate to oste-
oblast.®® However, we tend to believe that the intermediate cell population is different from hypertrophic
chondrocytes as it does not express COLT0AT (Figure 7D). Thus, the distribution and function of the inter-
mediate cell still need validation through means of biological experiments in lineage study.

Chondrocytes can be classified not only into hyaline chondrocytes, hypertrophic chondrocytes, and fibrochon-
drocytes according to their morphology and distribution but also into proliferative chondrocytes, effector chon-
drocytes, regulatory chondrocyte, and homeostatic chondrocytes according to their single-cell transcriptome
characteristics.” We identified 16 subtypes of COL2"COL1" cells in this study. Among these subtypes, two
engaged in cell division, two in the metabolism of metal ions or pyruvate, four in regulating nitrogen com-
pounds, cell adhesion, or cell proliferation, and seven in extracellular matrix synthesis and cartilage development
(Figure S2). One population exhibited similar markers expression to skeletal stem cells identified from the growth
plate’® (Figure 1G). The seven subtypes engaged in extracellular matrix synthesis and cartilage development
may play a central role in the organization of the cartilaginous matrix during epiphyseal development. Thus,
we named them the cartilage development populations C1-C7. These cells went through one branch and
formed two trajectories during development (Figure 3B). The evidence that most cells developed along trajec-
tory 1 with enriched genes engaged in cartilage development implies that the formation of the structural epiph-
ysis may potentially be a consequence of the development of these populations. A key contribution of our atlas is
providing a dynamic transcriptome featuring the fetal epiphyseal development.

Single-cell trajectory analysis revealed the cartilage development population passed through one branch-
point, dividing into trajectory 1 and trajectory 2. Most cells were distributed in trajectory 1 (Figure 3B).
HIF1A is one of the active transcriptional signals of trajectory 1. We examined the co-localization and tem-
poral expression of HIF1A and its downstream target protein MIG-6. MIG-6-positive cells also existed
around the cartilage canals (Figure S4D). HIF1A participates in the cartilage differentiation process during
limb development‘ﬂ YBX1, one of the active transcriptional signals of the initial state (Figure 3B), is re-
ported to modulate chondrogenesis process.”? We screened out two downstream targets of YB-1 (CALR
and CD63) and observed their co-localization (Figures S5A and S5B). CALR has been found to play a
role for endoplasmic reticulum calcium signaling via calreticulin in the differentiation of embryonic stem
cells (ESCs) to closely associated osteoblast or chondrocyte lineages.”® However, although the protein
expression of CALR and CD63 decreased gradually after PCW12, which is consistent with the analysis re-
sults of their scRNA-seq data, their expression increased again during PCW27 ~ 32, while the expression
of CALR and CDé63 decreased over the early chondrogenesis and increased laterally (Figure S5G). We are
still uncertain about the cause of the lateral increase of these targets and consider further experiments to
investigate it. The consistent dynamic expression of YBX1 and its downstream targets (HNRNPA2B1,
EIF5A, COPE, and ACTG1) between scRNA-seq data and chondrogenic differentiation also fortify the find-
ings over cartilage development from scRNA-seq analysis (Figures S5G and S5H).

The analysis of cell-cell communication reveals that the interactions between cell populations are complex
and dynamic during epiphyseal development. Generally, ossification development, endothelium, and
smooth muscle cell populations participate in more intercellular interaction than others, suggesting that
these cells are in a more active state at this stage (Figure 6B).

Our results also demonstrate that the NOTCH signaling pathway may play a vital role in cartilage canal forma-
tion. DLK1 and JAG1 have been reported to be involved in regulating angiogenesis through the NOTCH
signaling pathway.*>™*’ These genes were found to be expressed in the fetal epiphysis (Figure S11A). The targets
of the NOTCH signaling pathway, including HES1, HES5, and HES7 in the HES family, HEY1, HEY2, and HEYL in
the HESR family, and the targets of the NOTCH signaling pathway reported in other literature, were also concen-
trated in endothelial cell population and smooth muscle cell population*? (Figure S11C). Compared with
PCW19, the expression of most NOTCH signaling target genes in the smooth muscle cell population in the
PCW22 is higher (Figure S11C). According to the composition of cartilage canals, we speculate that the
NOTCH signaling pathway may contribute to the formation of cartilage canals.
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In a murine study, NOTCH signaling is found to play a role in promoting angiogenesis and osteogenesis in
bone.”*** GO enrichment analysis revealed that highly expressed genes in trajectory 3 correlated with tube
development (Figures 4C and 4E). These cells are all coL2°coL1M cells (Figure 4B). In addition, PCW22 is
higher than PCW19 in a proportion of cells in trajectory 3 (Figure 4B). Among these cells in trajectory 3, the
NOTCHsignaling-related genes and the endochondral ossification-related genes exhibited higher expres-
sion in PCW22 than in PCW19 (Figure S11D). Therefore, we speculate that the NOTCH signal may also
participate in the development of ossification in epiphysis during this period. However, the verification
of this process requires further research by means of diverse biological experiments.

Limitation of the study

The findings and predictions in this study are based on scRNA-seq, trajectory, GRNSs, and cell-cell communica-
tion inference and are limited by the cell quality, capture rate, machine sensitivity, and algorithm optimization
degree. We could not assess the effects of the mother's age, nutritional status, medications used, pregnant envi-
ronment, and time post-death. In addition, a potential interpretation of the cellular and gene expression pat-
terns identified between the different time points could be that samples come from different subjects and there
is inter-subject variability. Also, the cell-cell communication analysis gives the possibility of indicated ligand-re-
ceptor pairs, and many more experiments will be needed to demonstrate the situation of cell-cell communica-
tion. Furthermore, the sample size and small epiphyseal tissue of an early fetus will lead to a low number of
captured cells, which may lead to the loss of biological information. Epiphyseal development lasts from embryo
to adolescence. Our data do not reflect the whole process of epiphyseal development but only some stages.

In order to confirm the development process of epiphyseal cells in the earlier and later stages, such as the
earliest appearance time of the ossification development population, the functional differentiation time of
chondrocytes, and the relationship between the appearance of SOCs and these cells at this stage, it is still
necessary to supplement a large number of samples and data for analysis and functional verifications.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal to Collagen | antibody Abcam Cat#ab34710; RRID:AB_731684

Mouse monoclonal IgGa,k COL2A1T antibody Santa Cruz Cat#sc-52658; RRID:AB_2082344

Sheep polyclonal to Von Willebrand Factor Abcam Cat#ab11713; RRID:AB_298501

antibody

Goat polyclonal to alpha smooth muscle Actin Abcam Cat#ab21027; RRID:AB_1951138

antibody

Rabbit monoclonal to YB1 antibody Abcam Cat#ab76149; RRID:AB_2219276

Rabbit monoclonal to HIF-1 alpha antibody Abcam Cat#ab51608; RRID:AB_880418

Rabbit monoclonal to Fos B antibody Abcam Cat#ab184938; RRID:AB_2721123

Mouse monoclonal IgG; NF-1 antibody Santa Cruz Cat#sc74445; RRID:AB_2153046

Mouse monoclonal IgGk Erg-1/2/3 antibody Santa Cruz Cat#sc376293; RRID:AB_10989086

Rabbit monoclonal to Semaphorin 3A antibody Abcam Cat#ab199475

Goat Polyclonal IgG to GLI-3 antibody

R&D SYSTEMS

Cat#AF3690-SP

Mouse monoclonal IgG1k Mig-6 antibody Santa Cruz Catitsc137154; RRID:AB_2101524
Goat polyclonal to Asporin antibody Abcam Cat#ab31303; RRID:AB_2060301
Rabbit monoclonal to IGF1 antibody Abcam Cat#ab133542

Mouse monoclonal to CDé3 antibody Abcam Cat#ab193349

Mouse monoclonal IgG,,LRP1 antibody Santa Cruz Cat#sc57351; RRID:AB_784362
Mouse monoclonal IgGpk Calregulin antibody Santa Cruz Cat#sc373863; RRID:AB_10915425
Mouse monoclonal IgG,,k ATF4 antibody Santa Cruz Cat#sc390063; RRID:AB_2810998
Goat Anti-Mouse IgM (Alexa Fluor® 555) Bioss Cat#bs-0368G-AF555

Donkey Anti-Mouse 1gG H&L (Alexa Fluor® Abcam Cat#ab150105; RRID:AB_2732856
488)

Goat Anti-Rabbit IgG H&L (FITC) Bioss Cat#bs-0295G-FITC; RRID:AB_10894349
Donkey Anti-Rabbit IgG H&L (Alexa Fluor® Abcam Cat#ab150073; RRID:AB_2636877
488)

Donkey Anti-Mouse I1gG H&L (Alexa Fluor® Abcam Cat#ab150110; RRID:AB_2783637
555)

Goat Anti-Rabbit IgG H&L (Alexa Fluor® 555) Abcam Cat#ab150078; RRID:AB_2722519
Donkey Anti-Sheep IgG H&L (Alexa Fluor® Abcam Cat#ab150177; RRID:AB_2801320
488)

Donkey Anti-Goat IgG H&L (Alexa Fluor® 488) Abcam Cat#ab150133; RRID:AB_2832252
preadsorbed

Biological samples

4 Human fetal samples of age post conception This paper N/A

week 15, 19, 22, and 25 (Table Sé)

14 Human fetal samples of age post This paper N/A

conception week 12 to 32 (Table Sé)
Human Cord blood mesenchymal stem cells

Human Placental Mesenchymal Stem Cells

iCell Bioscience Inc

iCell Bioscience Inc

Cat#HUM-iCell-e011
Cat#HUM-iCell-e004

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Critical commercial assays

Chromium Next GEM Single Cell 3" GEM kit
v3.1

Non - Serum Culture System Of Primary
Mesenchymal Stem Cells Of ICell

Mesenchymal stem cell chondrogenic
differentiation kit

Mesenchymal stem cell osteogenic
differentiation kit

Toluidine Blue O

Cartilage staining solution (Alcian blue
method, pH2.5)

1-Step™ NBT/BCIP Substrate Solution
Steadypure Quick RNA Extraction Kit
Sunview® Il Reverse Transcriptase kit

Sunview® SYBR gPCR SuperMix Plus

10x Genomics

iCell Bioscience Inc

iCell Bioscience Inc

iCell Bioscience Inc

Sigma Aldrich
LEAGENE

Thermo Scientific
Accurate biology
SUNVIEW
SUNVIEW

Cat#PN-1000123

Cat#PriMed-iCell-012-SF

Cat#iCell-MSCYD-003

Cat#iCEI-MSCYD-002

Cat#T3260
Cat#DB0060

Cat#34042
Cat#AG21023
Cat#RT008
Cat#QEO010-02

Deposited data

The original matrix datasets derived from the
raw single-cell RNA-seq data in this study.
The code for single-cell RNA-seq analysis in
this study.

Mendeley Data

Zenodo

https://doi.org/10.17632/3c6sy3tyyv.1

https://doi.org/10.5281/zenodo.8021217

Software and algorithms

R

R studio
Seurat
GSVA
monocle
SCENIC
CellChat
dittoSeq
python
pySCENIC

Design and Analysis Software v1.5.2,
QuantStudio 3 and 5 systems

cellSens Imaging Software
Image-Pro Plus

GraphPad Prism

R core team

Posit Community

Satija Lab and Collaborators®?
Hanzelmann, S.%7

Trapnell, (@lS223

Van de Sande and Aibar, 5.°%°'
Jin, 8.4

Bunis, D.G.”*

The Python Software Foundation
Van de Sande and Aibar, 5.°%°'

applied biosystems

OLYMPUS
Media Cybemnetics
GraphPad Software

version 4.1.3

version 2022.02.1 Build 461
version 4.1.1; RRID:SCR_016341
version 1.42.0; RRID:SCR_021058
version 2.22.0; RRID:SCR_016339
version 1.3.1; RRID:SCR_017247
version 1.4.0; RRID:SCR_021946
version 1.6.0

version 3.7.12; RRID:SCR_008394
version 0.11.2

version 1.5.1

version 3.2; RRID:SCR_014551
version 6.0; RRID:SCR_016879
version 8; RRID:SCR_002798

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Liang Zhao (Izhaonf@126.com and Izhaogroup@163.com).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

® Local law prohibits depositing raw RNA sequencing datasets derived from human samples outside of the
country of origin. Prior to publication, the authors officially requested that the raw single-cell RNA-seq
datasets reported in this paper be made publicly accessible. To request access, contact National Geno-
mics Data Center until the date approved. In addition, the original matrix datasets derived from the raw
single-cell RNA-seq data in this study have been deposited at mendeley data and are publicly available
as of the date of publication (Mendeley Data: https://doi.org/10.17632/3cbésy3tyyv.1). The DOl is listed in
the key resources table.

® All original code will be deposited at Zenodo and is publicly available as of the date of publication (Zen-
odo: https://doi.org/10.5281/zenodo.8021217). DOls are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human tissue

Human distal femoral epiphysis tissue was obtained in the obstetrics of Nanfang Hospital and its Taihe
Branch, from spontaneous abortions (12-32 weeks post-conception) and with an ethical permit given by
the Nanfang Hospital Ethical Medical Committee (ref. NFEC-2020-166). Samples with chromosomal de-
fects found by regular obstetric inspection have been excluded. A total of 22 samples were obtained for
this study, 4 of which were subjected to scRNA-seq (PCW15, male; PCW19, male; PCW22, female;
PCW?25, male, Table Sé), 14 of which were subjected to paraffin sections(PCW12~32, male or female,
Table Sé), 4 of which failed to yield enough vital cells and were discarded. The conditions of consent
were voluntary, anonymous, and with the awareness that the donations will be used for research.

METHOD DETAILS

scRNA-SEQ samples preparation

The human fetal distal femur was collected and stored in complete culture medium («MEM, Gibco; 10%
fetal bovine serum[FBS], Sunview; 1% Penicillin/streptomycin, gibco) during transshipment (4°C, less
than 30min). The epiphyseal tissue used for this study refers to the expanded cartilaginous area at the distal
end of the femur. The anatomical landmark was the expansion point from the diaphysis to the distal end.
Femurs were cut off along this anatomical landmark and the ossified tissue (from the primary ossification
center) across the sectional plane was removed. The soft tissue attached to the epiphysis surface was
also removed. Tissue was then cut into pieces 1-2mm in size and placed in a tissue culture flask for two-
step digestion. First, tissue was digested in aMEM supplemented with 7U/ml pronase (Roshe, 37°C in a
shaking box under 60rpm for 30min). The digestion solution from this step was discarded. Next, complete
culture medium supplemented with 0.2% collagenase I(Sigma) and collagenase lI(Sigma) was used for the
second digestion(37°C in a shaking box under 60rpm for ~120min, depending on observation). When
digestion was completed, the isolated cells floating in the digestion solution could be observed under a
microscope. Finally, collected cells were stored on ice with PBS containing 3% FBS and sent to a qualified
facility offering scRNA-seq service(Yuanxin Biotechnology) within 1hr. Samples with a cell viability rate
greater than 85% and yielded cell numbers greater than 50,000 were immediately prepared for single-
cell library preparation.

scRNA-SEQ

This section was performed by Yuanxin Biotechnology in a standard procedure. Approximately 18,000 cells
per sample were partitioned into nanoliter-scale Gel Beads-in-emulsion (GEMs), followed by post-GEM-RT
cleanup, cDNA amplification, and 3' gene expression library construction under the instruction of a com-
mercial kit (Chromium Next GEM Single Cell 3' GEM kit v3.1, 10X Genomic). Subsequent analysis pipelines
that process sequencing data to align reads, filter, barcode count, UMI count, and generate feature-bar-
code matrices were performed using the software Cell Ranger (version 6.1.2) under its instruction.

scRNA-SEQ data analysis
Feature-barcode matrices of each sample generated by Cell Ranger were used for scRNA-SER data
analysis.
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The quality control(QC) of each sample was carried out under the following basic rules in order. (1) The ma-
trix was used to construct the primary Seurat object with eliminating genes detected in <1 cell and discard-
ing cells with features count <250 by using an R package Seurat®“(version 4.1.1). (2) Cells with mitochondrial
percent >20%, ribosomal percent <10%, hemoglobin percent >0.05%, and platelet percent >0.2% were
discarded. (3) Mitochondrial and MALAT1 genes were eliminated as these genes were thought to be
judged as mainly technical. (4) Doublets identified by R package DoubletFinder’” (version 2.0) were dis-
carded. (5) Outlier cells with RNA count and feature count outside the range of + 3 X median absolute
deviation (MAD) were discarded. After QC, samples from PCW15 (with 30,036 features across 10,109 cells),
PCW19 (with 32,754 features across 10,620 cells), PCW22 (with 33,997 features across 5,656 cells), and
PCW?25 (with 31320 features across 8,613 cells) were preserved for downstream analysis. Correlations be-
tween nFeature_RNA or percent_mito and nCount_RNA were visualized by scatter plots.

The filtered data were then integrated using Seurat. Raw counts were normalized with the SCTransform
function with multiple regression variables, including percent_mito, percent_ribo, S.Score, and
G2M.Score, nFeature_RNA, and nCount_RNA. 3,000 variable features were used in the downstream inte-
gration procedure. Next, cross-dataset pairs of cells in a matched biological state were identified and tech-
nical differences between samples were corrected using a combination of the SelectIntegrationFeatures,
PrepSCTIntegration, and FindIntegrationAnchors functions. Finally, integrated data for the comparative
scRNA-seq analysis across 4 samples were generated by the IntegrateData function.

Cells were then clustered using K-nearest neighbor (KNN) graphs and the Louvain algorithm using the first
50 dimensions from principal component analysis (PCA). Clustered cells were visualized by UMAP embed-
ding using modified settings in Seurat. Cell proportions were visualized by bar graphs using the R package
dittoseq’” (version 1.6.0). Cluster markers were identified as features detected in >10% of either cluster,
with logfc.threshold >0.25 and adjusted p-value<0.01 compared to the others using the FindAlIMarkers
function in Seurat. Selected top markers were ordered by avg_log2FC and visualized by heatmaps. Major
cell types were identified using canonical gene markers visualized by UMAPs, dot plots, and violin plots.

Genes for GO enrichment analysis were acquired from cluster markers after filtering ribosome genes. The
top 50 genes ordered by the incrementally adjusted p-value of each subtype were subjected to an online
GO enrichment analysis platform named g:GOSt (https://biit.cs.ut.ee/gprofiler/gost).”® Enriched GOBP
terms in each subtype were considered as a reference of cell functions. Annotations of the cells were based
on the canonical gene markers expression, cluster markers, and involved GOBPs.

Cells were reclassified into 9 populations according to the gene signatures and GOBPs to highlight the dif-
ference in functions. Genes annotated to GO:0001958 (endochondral ossification) and GO:0051216 (carti-
lage development) were acquired from the MGI database (http://www.informatics.jax.org/vocab/
gene_ontology). Average expression levels of these feature sets in each population were calculated by
the AddModuleScore function’” and visualized by box plots using dittoSeq.
pySCENIC(version 0.11.2), the python implementation of the SCENIC pipeline,®®”'
GRNs. Normalized counts of the integrated cells were subjected to this analysis. GRNBoost was the algo-
rithm used to build the GRN with default settings. AUC scores of the potential direct-biding targets (reg-
ulons) were calculated for analyzing the network activity in each individual cell. Average regulons activity
across 9 populations were calculated, scaled, and visualized by a heatmap. Furthermore, the AUC matrix
was added to the integrated Seurat object as an independent assay using the CreateAssayObject function
in Seurat.

was used to analyze

GSVA was performed on arandom subset of 5,000 cells from the integrated data using the R package GSVA
(version 1.42.0).%7 Ontology gene sets (C5, all, version 7.5.1) reference was obtained from Human MSigDB
(http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp). A matrix containing GSVA enrichment scores
of each individual cell was generated by the gsva function with kcdf = Poisson as the input expression
values were counts. The matrix was added to the subset Seurat object as an independent assay using
the CreateAssayObject function in Seurat. Thereafter, differentially enriched terms with logfc.threshold
>0.1 and adjusted p-value <0.01 across 24 subtypes were calculated using the FindAllMarkers function
in Seurat. The top 10 GOBP enriched terms ordered by avg_log2FC across 24 subtypes were visualized
by heatmap.
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Three subset strategies were performed to construct datasets for trajectory analysis in this study indepen-
dently. Within the Cartilage development population, 500 cells per sample were subset randomly from the
integrated data. Within the Ossification development population, 300 cells per sample were subset
randomly from the integrated data. 120 cells from each population per sample across the Cartilage devel-
opment, Ossification development, and Intermediate cell populations were subset randomly from the in-
tegrated data. Thus, the cells of each population from each sample were equal, aiming to reduce the bias
induced by different cell numbers. These datasets were analyzed independently using the R
package Monocle2. Ribosome and hemoglobin genes were filtered out before analysis. Differential
expression tests were performed by the differentialGeneTest function with key settings including
fullModelFormulaStr = "~Samples" and reducedModelFormulaStr = "~nCount_RNA+nFeature_RNA+
percent_ribo+percent_mito" in Monocle2. Differential expression genes with qval <0.01 were used for
downstream dimension reduction based on identifying the program of gene expression changes via the
algorithm DDRTree. Thereafter, trajectories were constructed, and cell states were defined using the or-
derCells function with default settings in Monocle2. Genes with branch-dependent expression were
analyzed using the BEAM function with default settings in Monocle2. The top 100 or 200 genes ordered
by decreasing g-value were visualized by heatmap and clustered hierarchically. The expression levels of
selected genes over pseudotime were visualized to show the trends across different trajectories. Genes
of each subtype were subjected to GO enrichment analysis with visualization of selected GOBP enriched
terms with the lowest adjusted p-value. Cell state information was used to re-ident the cells in the subset
Seurat object. Thereafter, the regulons with different activities(AUC scores) were calculated by the FindAll
Markers function. The top 5 regulons with the highest log2fold changes of each state were visualized by
heatmap. The transcriptome factor from each regulon was visualized by box plots across the four samples.
The transcriptome factors with detectable expression levels were used to screen out those with matched
trends between samples’ age and Monocle’s pseudotime.

The cell-cell communication analysis was performed on each sample independently using the R package
CellChat (version 1.4.0)."" Here, the integrated data (Seurat object) was split by sample identities. 3,000 cells
per sample were subset randomly for downstream cell-cell communication analysis. The reference database of
three types of cell-cell communication including secreted signaling, ECM-receptor signaling, and cell-cell contact
signaling was used to infer the intercellular interactions through the pipeline with default settings in CellChat. The
numbers and strength of inferred interactions in each sample were visualized by bar plots. Scatter plots were used
to visualize the incoming and outgoing interaction strength of each across the 24 subtypes. Circle plots were used
to visualize the interaction strengths among the 9 populations. Next, two samples at adjacent time points were
merged and compared. The information flow for each signaling pathway is defined by the sum of communication
probability among all pairs of cell groups in the inferred network. The information flow between the compared
samples was visualized by bar graphs. Differential expression analysis of genes between 2 samples was per-
formed using the identifyOverExpressedGenes function with settings thresh.pc = 0.05, thresh.fc = 0.1, and
thresh.p = 0.05 in CellChat. Wordcloud was generated to visualize the enriched ligands in one sample compared
to another. Ligand and receptor expressions involved in selected signalings, such as NOTCH and FGF, were visu-
alized by stack violin plots. Chord diagrams were used to visualize interactions among 9 populations via selected
ligand-receptor pairs. The heatmap exhibiting the expressions of targets of NOTCH signaling was generated via
the DoHeatmap function of the Seurat package. The dot plot exhibiting the expressions of ligands, receptors, and
targets of NOTCH signaling as well as genes correlating to endochondral ossification of cells in State 4 of PCW19
and PCW22 during ossification development was generated via the DotPlot function of the Seurat package. Sig-
nificant interactions (L-R pairs) from some cell subtypes/populations to others were visualized by bubble plots.

Cell culture

The primary human umbilical cord blood mesenchymal stem cells (UBMSCs, cat#HUM-iCell-e011) and
placental mesenchymal stem cells (PMSCs, cat#HUM-iCell-e004) were purchased from iCell bioscience
company and delivered in a 25 cm? culture flask with complete culture media. Cells were cultured under
37°C and 5% CO2 in an incubator with complete culture media(iCell, cat#PriMed-iCell-012-SF), trypsinized
when reached 80% confluence, and passaged at 5000 cells/cm? for further cell number expansion before
re-seeding for differentiation experiment.

Chondrogenesis differentiation

MSCs were trypsinized when reached 80% confluence and re-seeded at 1x10°/10uL each well in 24-well-
plates for micromass culture. After the cells were left standing in the incubator for 2 hours, the complete
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culture medium was added. Cells were cultured overnight and then divided into control group with control
media (without chondrogenesis compounds) and chondrogenesis group with chondrogenesis media
(iCell, cat#iCEII-MSCYD-003) (with TGF-B1, ascorbic acid, ITS, and dexamethasone). Three biological re-
peats were set up. Induction media was changed every other day. RNA was collected on Day 0, 1, 5,14,
21 and toluidine blue and Alcian blue staining were performed on Day 14.

Osteogenesis differentiation

MSCs were trypsinized when reached 80% confluence and re-seeded at 1.5x 10*/cm? in 24-well-plates prior
coated with 1% gelatin solution. Cells were cultured overnight with complete culture media and then
divided into control group with control media (without osteogenesis compounds) and osteogenesis group
with osteoogenesis media (iCell, cat#iCEI-MSCYD-002) (with ascorbic acid, B-lycerophosphate, and dexa-
methasone). Three biological repeats were set up. Induction media was changed every other day. RNA was
collected on Day 0, 3,5, 7 and ALP staining were performed on Day 7.

Cell staining and capture

MSCs under chondrogenesis induction on Day 14 were stained with toluidine blue and Alcian blue respec-
tively. For toluidine blue staining, cells were fixed by treating with 4% paraformaldehyde (PFA) for 10 min,
washed with DPBS for 3 time and stained with 0.1% toluidine blue staining buffer for 15 min. The 0.1% to-
luidine blue staining buffer is a mixture of toluidine blue (Sigma, cat#T3260-5G, 0.5g), urea (Fisher Scien-
tific, cat#BP169-500, 1g), ethonal (150mL), and water (350mL). For Alcian blue staining, fixed and washed
cells were stained with a commercial Alcian blue staining buffer (LEAGENE, cat#DB0060) according to
the instruction. For ALP staining, fixed and washed cells were stained with a commercial ALP staining buffer
(Thermo Scientific, cat#34042) according to the instruction. After staining cells were washed with water for 3
times and dried at room temperature. The cells stained with toluidine blue and Alcian blue were scanned by
an EPSON scanner. Microscopic pictures were captured via a combination of OLYMPUS DP80 camera,
OLYMPUS IX73 microscope, and imaging software cellSens (version 3.2).

RNA extraction, purification and reverse transcription

RNAs of MSCs during differentiation induction were extracted and purified using a commercial RNA
extraction kit (Accurate Biology, cat#AG21023) according to its instruction. The concentration of RNAs
were measured by Thermo Scientific Nanodrop ONEC. The Reverse transcription of RNAs were accom-
plished by using commercial kits (SUNVIEW, cat#RT008) and PCR machine (Biometra TADVANCED,
sn.3324551) (25°C for 10min, 55°C for 30min, 85°C for 5min, and 4°C for long). The synthesized cDNAs
were diluted to 2.5 ng/pL according to the RNAs concentration. cDNAs were used for quantitative Real-
time PCR measurements.

Quantitative real-time PCR (qPCR)

The master mix for gPCR was generated using cDNA, primers (Table S7) and a commercial kit (SUNVIEW,
cat#QEO010-02). Three technical repeats were set for each sample. Samples tested for the same gene were
all on the same 384-qPCR-plate (applied biosystem, cat#4309849). gPCR was accomplished using an
applied biosystem Quant Studio 5.

Paraffin sections and IF staining

The human epiphysis tissues for paraffin sections were fixed in 4% paraformaldehyde (PFA) at 4°C over-
night. After cleaning, dehydration, clearing, and paraffin impregnation, the samples were embedded
into paraffin blocks. Sagittal sections with a thickness of 4 um were collected for IF staining. Sections
were stained with primary antibodies (Table S8) overnight, and probed with matched secondary antibodies
(Table S8). A mounting medium supplement with DAPI (Abcam ab104139) was used to stain the nucleic
acid. Olympus BX63 Microscope, light source model U-HGLGPS, OLYMPUS DP80 cameras, and imaging
software cellSens (version 3.2) were used to capture the pictures of stained sections.

QUANTIFICATION AND STATISTICAL ANALYSIS

The positive signals of IF staining were quantified using Image-Pro Plus (version 6.0) in a blinded fashion.
Positive IOD and area were measured to calculate IOD/Area for each measured object from each section.
The intraluminal area of cartilage canals was excluded for quantification avoiding the bias brought by the
fluorescent signals produced by red blood cells. Scatter dot plots and box plots were used to visualize the
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quantification results with error bars representing mean + SD. Bar plots were used to visualize the gPCR
results with error bars representing mean + SEM. Statistical tests and the number of samples used are
listed in the figure legends. Group comparisons were performed using a t-test when two groups were
compared. One-way ANOVA was used when three or more groups were compared. Statistical analyses
were performed by using the GraphPad Prism software or R. All p-values were denoted as ns for p >
0.05, *for p < 0.05, **for p < 0.01, ***for p < 0.001, and ****for p < 0.0001. For all statistical analyses and
unless otherwise specified, p-values < 0.05 were deemed significant.
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