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Endochondral ossification generates most of the load-bearing bones, recapi-
tulating it in human cells remains a challenge. Here, we report generation of
SOX9' sclerotomal progenitors (scl-progenitors), a mesenchymal precursor at
the pre-condensation stage, from human pluripotent stem cells and devel-
opment of osteochondral induction methods for these cells. Upon lineage-
specific induction, SOX9* scl-progenitors have not only generated articular
cartilage but have also undergone spontaneous condensation, cartilaginous
anlagen formation, chondrocyte hypertrophy, vascular invasion, and finally
bone formation with stroma, thereby recapitulating key stages during endo-
chondral ossification. Moreover, self-organized growth plate-like structures
have also been induced using SOX9" scl-progenitor-derived fusion constructs
with chondro- and osteo-spheroids, exhibiting molecular and cellular simila-
rities to the primary growth plates. Furthermore, we have identified /TGA9 as a
specific surface marker for reporter-independent isolation of SOX9" scl-
progenitors and established a culture system to support their expansion. Our
work highlights SOX9* scl-progenitors as a promising tool for modeling human
skeletal development and bone/cartilage bioengineering.

The skeletal system, consisting of cartilage and bones, provides
essential physical support and protection for the human body, as well
as attachment sites for muscles, tendons, and ligaments that support
locomotion'. Skeletal disorders, such as knee osteoarthritis, affected
more than 16% of the adult population worldwide?, with limited clinical
treatment options and unsatisfactory outcomes®™. Genetic variants for
many human bone development disorders, including scoliosis®, idio-
pathic bone cavities’, and juvenile osteoporosis®, remain largely
unknown. Establishing appropriate models to recapitulate human

skeletal development, particularly endochondral ossification, is critical
for uncovering the molecular mechanism underlying these genetic
variants.

Endochondral ossification is a conserved mechanism in mammals
that generates most of the load-bearing bones. It begins with the
condensation of mesenchymal progenitors, followed by anlagen for-
mation, chondrocyte hypertrophy, vascular invasion, and ultimately
bone formation with marrow cavities and hematopoiesis-supporting
stroma’. Notably, the formation of growth plates, characterized by
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columns of proliferative chondrocytes, is a key feature that mediates
polarized bone growth and serves as a major residence for skeletal
stem cells”°, Traditionally, the molecular mechanisms governing
endochondral ossification have been studied primarily in mouse
models, which have helped characterize key signaling pathways such
as BMPs"2, FGFs", Hedgehogs", and Wnt". However, the initiation,
regulation, and progression of human endochondral ossification, as
well as the formation of distinct osteochondral zones, remain elusive
due to two major challenges: the limitations of current cell sources and
the lack of efficient differentiation methods to faithfully model the
process.

To model human skeletal development, various stem cell sources
have been explored, including mesenchymal stem cells (MSCs) from
different tissues, with or without biomaterials'®?°, and human plur-
ipotent stem cell (hPSC)-derived cells” %, achieving varying levels of
success. MSCs-based approaches suffered from unclear develop-
mental lineages, cellular heterogeneity, and individual variations**?,
For hPSC-based studies, much of the focus has been on generating
articular chondrocytes for cartilage regeneration using hPSC-derived
paraxial mesodermal progenitors and their progenies™**, ectomeso-
dermal neural crest stem cells***°, and more recently limb bud-like
cells**. Meanwhile, it was also attempted to model skeletal develop-
ment starting from the hypertrophic cartilage stage’>**, where cells
were typically first differentiated to chondroprogenitors and then to
hypertrophic chondrocytes for bone formation. However, forced
chondrocyte hypertrophy by hormones bypassed important steps
such as spontaneous mesenchymal condensation and cartilaginous
anlagen formation, deviating from the natural course of endochondral
ossification. There was also a lack of evidence for the formation of
bone marrow cavities with stroma and distinct osteochondral zones.
These findings suggested that the osteogenic differentiation of artifi-
cially induced hypertrophic chondrocytes might still differ sig-
nificantly from their in vivo counterparts. Most importantly, none of
the previous studies were able to induce the formation of polarized
growth plate-like structures that could mediate longitudinal bone
growth, a critical feature of long bones. Therefore, it is imperative to
identify a more suitable, developmentally relevant stem cell source
and develop accompanying differentiation methods in order to com-
prehensively model the natural course of human skeletal
development.

Developmentally, the human skeleton is derived from three
lineages: paraxial mesoderm, lateral plate mesoderm, and neural
crest®™. The paraxial mesoderm arises from the primitive streak and
gives rise to the axial skeleton through somite and sclerotome®. The
sclerotome further develops into the vertebrae and associated ribs*,
tendons®*, and other tissues™. Notably, the induction of sclerotome
from hPSCs has been established recently*’>’, and direct transplanta-
tion of hPSC-derived sclerotomal cells in vivo could spontaneously
generate bone-like tissues®. These findings suggested that hPSC-
derived sclerotomal cells might be a promising stem cell source.
However, as these cells contained a heterogeneous cell population that
formed non-osteochondral tissues upon direct transplantation®*, and
proper differentiation methods to promote the osteochondral fate in
these cells are still lacking, more thorough characterization is war-
ranted to dissect and identify the key population within sclerotomal
cells with true osteochondral differentiation capability and develop
suitable differentiation strategies.

In this study, we characterized hPSC-derived sclerotomal cells and
identified SOX9" sclerotomal progenitors (scl-progenitors) as the key
cell group with osteochondral differentiation capability. We then
developed a differentiation strategy to derive these progenitors from
hPSCs with an efficiency of 99.21% + 0.24% on average across multiple
cell lines. By development of lineage-specific induction methods,
SOX9* scl-progenitors were differentiated into either chon-
droprogenitors for cartilage regeneration or osteogenesis-committed

early chondrocytes capable of recapitulating key steps of the endo-
chondral ossification process, including condensation, anlagen for-
mation, chondrocyte hypertrophy, vascular invasion, and bone
formation with marrow cavities and stroma. Furthermore, chondro-
and osteo-spheroids derived from SOX9* scl-progenitors self-orga-
nized into polarized and elongating growth plate-like structures,
exhibiting molecular and cellular similarities to in vivo growth plates.
Additionally, /ITGA9 was identified as a specific marker for reporter-
independent isolation of SOX9" scl-progenitors and an in vitro culture
system was established to to support their continuous expansion. Our
findings present an integrated hPSC-based toolkit for modeling human
skeletal development and bioengineering cartilage and bone tissues.

Results

Characterization and efficient derivation of SOX9" sclerotomal
progenitors from hPSCs

Sox9 is a critical determining factor during the early development of
the mammalian skeleton, with its expression detected in all the
condensed mesenchyme and osteochondral progenitor cells***.
Lineage tracing and in vivo functional studies also have highlighted
that Sox9 is a key regulator during both the condensation stage and
the downstream osteochondral specification for sclerotome***.
Thereby, the expression of Sox9 might be an important marker of
mesenchymal progenitors at the pre-condensation stage, and we
hypothesized that SOX9*, but not the SOX9 subpopulation of hPSC-
derived sclerotomal cells would represent sclerotomal progenitors
with true osteochondral differentiation capability. To test the
hypothesis, a SOX9-IRES-tdTomato reporter knockin cell line was
constructed using CRISPR/Cas9 with previously established UCO1
hiPSCs (human induced pluripotent stem cells)*® as the parental cells.
An IRES-tdTomato cassette was inserted into the SOX9 locus through
non-homologous end joining (NHEJ)-mediated gene knockin (Sup-
plementary Fig. 1A). The edited cells were characterized to confirm
the correct insertion of the reporter cassette (Supplementary
Fig. 1B-D) and the maintenance of pluripotency markers (Supple-
mentary Fig. 1E-F). Hereafter, this cell line would be referred to as
SOX9-tdTomato hPSCs.

To differentiate SOX9-tdTomato hPSCs towards sclerotomal line-
age, a previously reported traditional method was adopted, where
cells were differentiated through primitive streak (PS)*, presomitic
mesoderm (PSM)*7*8, somite specification (SM)*, and then sclerotome
(SCL)*7394%50 (Supplementary Fig. 2A-B). RT-qPCR confirmed the
sequential induction of stage-specific markers during the differentia-
tion (Supplementary Fig. 2C). After six days, SOX9* cells were observed
both by immunostaining (Supplementary Fig. 2D) and flow cytometry
analysis (Supplementary Fig. 2E). As a portion of the cells were found
negative for SOX9 and TWIST expression (Supplementary Fig. 2D-E),
SOX9" and SOX9 cells were sorted by FACS for further characteriza-
tion. RT-gPCR confirmed that sclerotome-specific genes were only
enriched in the SOX9* population (Supplementary Fig. 2F). The pre-
sence of about 20% SOX9 cells indicated that the traditional scler-
otomal differentiation was still heterogeneous (Supplementary
Fig. 2D-E), consistent with other reported observations®. To investi-
gate if SOX9" cells were the key cell population that retained osteo-
chondral differentiation capability, they were FACS sorted and
subjected to in vitro osteochondral induction. For chondrogenic dif-
ferentiation, pelleted SOX9" scl-progenitors were treated with a low
dose of BMP2 together with TGF(33 and bFGF in a modified serum-free
medium (chondrogenic induction medium, CI medium), while for
osteogenic differentiation, the classic serum-containing medium® was
adopted (Supplementary Fig. 2G). Indeed, upon induction, SOX9* cells,
but not SOX9 ones, efficiently formed Alcian blue/COL 1l/Toluidine
blue-positive but COL I/X negative cartilaginous spheroids (Supple-
mentary Fig. 2H-I) and calcified Alizarin red-positive regions (Supple-
mentary Fig. 2J), supporting that these cells were the osteochondral
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progenitors. Hereafter, they were referred to as SOX9* sclerotomal
progenitors (SOX9" scl-progenitors).

As the differentiation efficiency for SOX9* scl-progenitors was
only around 80% using the traditional method and heterogeneous cells
could also be observed from the culture (Supplementary Fig. 2D-E),
which generated unwanted non-osteochondral tissues upon direct
transplantation®**, we sought to eliminate the heterogeneity and
improve the differentiation. Interestingly, it was previously reported
that chondrogenic sclerotomal cells could be induced directly by SHH
treatment in chicken PSM explants without going through somite
specification** and the initial cell density strongly affected differ-
entiation efficiency as mesenchymal cells tend to become over-
confluent during differentiation**?®. Therefore, we investigated whe-
ther the strategy could be adopted in human cell differentiation to
bypass the somite stage (somite-skipping), and directly induce the
sclerotomal fate from the Day 2-replated human PSM cells by activat-
ing SHH signaling with smoothened agonist (SAG) while inhibiting
BMP and WNT pathways with LDN193189 and XAV939 to suppress the
dermomyotome fate (Fig. 1A). Indeed, improved morphological
changes were observed during the stepwise induction, with uniform-
look mesenchymal cells shown on day 4 already (Supplementary
Fig. 3A), while traditional sclerotome differentiation typically took at
least 6 days (Supplementary Fig. 2A-B). RT-qPCR confirmed the
induced expression of stage-specific markers in each population, with
OCT4 and NANOG as pluripotency markers®, BRACHYURY (T) and
MIXLI as the markers of PS****, MSGN1 and TBX6 as the markers of
PSM>*¢, and PAXI, NKX3-2, TWISTI and SOX9 as the markers of
sclerotome®***” (Fig. 1B and Supplementary Fig. 3B). Single-cell RNA-
seq was also used to analyze the differentiated cells at each stage and
the four cell groups were separated in the t-SNE plot (Supplementary
Fig. 3C). Pseudotime analysis and marker gene expression dynamics all
confirmed the intended differentiation trajectory and induction of
respective markers at each stage (Supplementary Fig. 3D-E). Expres-
sions of SOX9 and TWIST1 were further confirmed by immunostaining
(Fig. 1C) and western blotting (Fig. 1D). The percentage of SOX9' cells
increased from an average of 82.01% to 99.30% (Fig. 1E-F). To test
batch-to-batch variations of the optimized method, samples from
multiple independent experiments were analyzed. The optimized
method exhibited higher consistency compared with the traditional
one (Fig. IF and Supplementary Fig. 4A). Similar results were also
obtained using other established hPSC lines from different sources,
including hPSC lines (H1 and H9) and hiPSCs (IMR904 and NC3-1)
(Supplementary Fig. 4B-C), supporting the general applicability of the
optimized method. To investigate whether osteochondral potentials
were still maintained in the SOX9" scl-progenitors derived from the
optimized method, cells were subjected to the same in vitro differ-
entiation protocols as specified previously (Supplementary Fig. 2G).
Alcian blue, COL II, Toluidine blue, and Safranin O-positive but COL I/X-
negative chondral spheroids, as well as Alizarin red-rich regions, were
readily induced from the SOX9* scl-progenitors (Supplementary
Fig. 5A-B). Direct transplantation of SOX9" scl-progenitors in vivo also
formed cartilaginous and bone-like tissues (Supplementary Fig. 5C),
supporting that the SOX9" scl-progenitors differentiated from the
optimized method still retained the osteochondral differentiation
capability.

We next sought to investigate whether an in vitro expansion cul-
ture system could be established for SOX9" scl-progenitors to exploit
their potential in skeletal modeling and bone/cartilage regeneration.
To develop such an expansion system, the following rationales were
considered: (i) SHH signaling alone was sufficient for the specification
of the sclerotomal fate from presomitic mesoderm (PSM) or somite
(SM) cells®®*’, indicating continuous stimulation with SHH activator
might be a prerequisite for the maintenance of SOX9" scl-progenitors;
(ii) sclerotomal cells were induced to chondrogenesis by BMPs during
development***°, so BMP inhibition by LDN193189 might be required

to prevent cells from differentiation; (iii) supplements promoting cell
viability, such as ROCK inhibitors®, KSR®?, and bovine serum albumin
(BSA)®, along with factors promoting cell proliferation, such as bFGF?,
might be needed as candidates for long-term cell expansion. We thus
tested different combinations of pathway-modulating molecules in a
basal medium containing SAG and LDN193189 (BMP inhibitor) and
discovered that simultaneous SHH activation and BMP inhibition,
supplemented with ROCK inhibitor, bFGF, KSR and BSA were essential
for supporting the continuous expansion of SOX9" scl-progenitors
(Fig. 1G and Supplementary Fig. 6A-C). With such a culture system,
SOX9" scl-progenitors could be maintained for at least 2 months (-15
passages), which was about a 15,000-fold increase from the start (from
initial 2x10° cells to 3x10° cells after 15 passages), with a population
doubling time of 3.882 days (Fig. 1H and Supplementary Fig. 6D). RT-
gPCR and western blotting further confirmed the maintenance of
SOX9" scl-progenitor’s identity, where sclerotome-specific markers
were highly enriched in the expanded cells (Fig. 11 and Supplementary
Fig. 6E). Interestingly, the expression levels of sclerotome-specific
markers in the expanded SOX9" scl-progenitors were even higher than
the freshly differentiated ones. This suggested that there might be a
maturation process during expansion, which was not uncommon in
hPSC-derived functional cells such as neural progenitor cells®,
cardiomyocytes®, and more recently, the limb-bud-like mesenchymal
cells**. Besides RT-qPCR and western blotting, immunostaining also
revealed that almost all the expanded cells were SOX9 and TWIST
positive (Fig. 1)), which was further supported by flow cytometry
analysis, where tdTomato-positive cells were over 99.0% with con-
sistent minimal batch-to-bath variations across different passages
(Fig. 1K-L). Moreover, when both sorted SOX9" scl-progenitors and
SOX9 cells (prepared by the traditional method in Supplementary
Fig. 2A) were examined in the expansion culture, only the SOX9* scl-
progenitors could be expanded, supporting the expansion culture was
specific for SOX9" scl-progenitors (Fig. IM).

Together, these data indicated that SOX9" cells within the tradi-
tional sclerotomal differentiation were the key cell population with
osteochondral differentiation capability. We have established an effi-
cient differentiation strategy to derive SOX9* scl-progenitors and they
could be further propagated in scale using the expansion culture
in vitro.

S0X9" scl-progenitors could faithfully model key steps of
endochondral ossification
Endochondral ossification is a critical process that forms most of the
human skeleton during development. In previous studies, cells were
typically centrifuged together to mimic the condensation and then
artificially induced to hypertrophic chondrocytes in vitro using hor-
mones before transplantation for further ossification in vivo. One such
study first generated chondrocytes (FGF2 for 4-6 weeks) and then
induced hypertrophy with T3 (triiodothyronine) for 10-21 days prior to
transplantation®. An alternative strategy used high-density micromass
culture to induce chondrocyte differentiation with TGF33 for 10 days,
followed by BMP4 treatment for 4-12 weeks to induce chondrocyte
hypertrophy®. As both strategies utilized hypertrophic chondrocytes
for bone formation in vivo, the pre-hypertrophic phases (or chon-
drocytic phases) of endochondral ossification process'>® could not be
recapitulated under such conditions, such as spontaneous condensa-
tion, differentiation into cartilaginous analgen and the induction of
growth plates with proliferating chondrocyte columns where skeletal
stem cells reside’'°. In addition, the extremely long treatment process
made it difficult to maintain experimental consistency. Therefore, we
investigated whether a more robust osteogenic differentiation proto-
col could be developed to recapitulate the endochondral ossification
process including the chondrocytic phases.

We reasoned that, as sclerotome forms the axial skeleton during
development®, SOX9" scl-progenitors, if indeed resembling their
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counterparts in vivo, should be at the pre-condensation stage. Upon
proper induction, they should have the ability to spontaneously con-
dense, differentiate and form cartilaginous analgen, and undergo
endochondral ossification. A micromass culture system was then
developed based on the following considerations: (i) sclerotomal cells
were driven by BMP signals to induce chondrogenic anlagen formation
in vivo, at which stage the early chondrocytes emerged*!, suggesting

that high-dose of BMPs might be required for sclerotomal specification
towards the osteogenic fate; (ii) the proximal-distal (bone-cartilage)
patterning of ribs was partially determined by SHH gradient®, indi-
cating SHH activation might help to prevent chondrocytes from
adopting the permanent cartilage fate. Therefore, a micromass culture
with high-dose BMP2 (100 ng/ml) in combination with SHH stimulation
by SAG was tested to induce mesenchyme condensation and
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Fig. 1| Derivation of expandable SOX9" sclerotomal progenitors from hPSCs.
A The strategy for stepwise induction of SOX9" sclerotomal progenitors (scl-pro-
genitors) (top), mimicking the developmental process (bottom). B RT-qPCR con-
firmed sclerotome-specific gene expression in SOX9* Scl-progenitors. Error bars:
mean = sd), n = 6 samples. ACTB (beta-actin) was used as the housekeeping control.
ND: not detected in 40 cycles. C SOX9 and TWIST1 immunostaining in SOX9" scl-
progenitors at day 4. Nuclear staining: DAPI. Scale bars: 200 um. D Western blotting
on day-4 SOX9" scl-progenitors confirmed expression of SOX9 and TWISTL. E Flow
cytometry analysis revealed near uniform derivation of SOX9" scl-progenitors.
Traditional and optimized methods were compared. Undifferentiated SOX9-
tdTomato hPSCs served the negative control. F The multi-batch analysis confirmed
the consistent performance of the optimized differentiation method. Independent
batches were analyzed by flow cytometry. The box (extending from 25% to 75th
percentiles with median in the middle) and whiskers (minima to maxima) represent
data from independent batches of differentiation (n=9 for optimized method;

n =10 for traditional method). Statistics: Student’s ¢-test (two-tailed), by SPSS v26.0.
**p < 0.001 (p=0.0002). G Experimental strategy for expanding SOX9* scl-

progenitors in vitro. H Continuous expansion of SOX9* scl-progenitors for

~2 months in the defined medium. I SOX9* scl-progenitors exhibited further
maturation during in vitro expansion. RT-qPCR analysis showed increased
expression of sclerotome-specific genes in the expanded cells. Error bars: mean +
sd), n=6 samples. N.D., not detected in 40 cycles. Statistics: Student t-test (two-
tailed), by SPSS v26.0. *p < 0.05 (p = 0.0127), *p < 0.01 (p = 0.0048 for PAXI and
p=0.0024 for TWISTI); ****p < 0.0001 (p = 0.000038). J Immunostaining of SOX9
and TWIST1 confirmed the maintenance of cell identity in expanded scl-
progenitors. Nuclear staining: DAPI. Scale bars: 200um. K, L Flow cytometry ana-
lysis confirmed the maintenance of SOX9" scl-progenitor’s identity at different
passages. K The percentage of SOX9" cells at different passages. L Repeatability test
of three independent samples of expanded scl-progenitors at different passages by
flow cytometry. M The expansion medium was specific for supporting SOX9* scl-
progenitors. SOX9" scl-progenitor and SOX9 cells were sorted and compared in the
expansion medium for multiple passages. Source data are provided as a Source
Data file.

differentiation of osteogenesis-committed early chondrocyte in SOX9*
scl-progenitors (Fig. 2A).

Indeed, when SOX9* scl-progenitors were induced with such a
method, a gradual increase of condensation marker CDH2 (N-CAD)*%%°
was observed (Supplementary Fig. 7A). CDH2 expression reached the
peak and started to drop at day 12, while SDC3, a marker of con-
densation termination and boundary setting’®, was induced, alongside
early chondrocyte markers ACAN, COL9A1, and EPYC (Supplementary
Fig. 7A). These results were further confirmed by fluorescent micro-
scopy, where SOX9" scl-progenitors showed spontaneous condensa-
tion during the differentiation, accompanied by cell contraction
(Supplementary Fig. 7B-C), initial compartmentalized expression of
tdTomato, N-CAD, and COL II, and later the formation of cartilaginous
ACAN' cells (Supplementary Fig. 7C-D). To compare it with the refer-
ence micromass-based method, which induced hypertrophic chon-
drocytes from hPSC-derived paraxial mesoderm (theoretically
covering the early chondrocyte phase)*, SOX9" scl-progenitors were
induced using both procedures and analyzed at day 12 post differ-
entiation (Supplementary Fig. 8A-B). Although the reference proce-
dure also induced the expression of the condensation markers (CDH2
and SDC3) and chondrogenic initiation genes (SOX5, SOX6 and
ACAN)**"', much lower expression levels of COL9A1 and EPYC were
observed by day 12 (Supplementary Fig. 8C). These results suggested
that the current method was more efficient in inducing early chon-
drocytes from SOX9" scl-progenitors within the same time frame.
Notably, human bone marrow-derived mesenchymal stem cells
(BMSCs, characterized as CD90'CD73'CD105'CD45CD14 CD34 CD19
HLA-DR in Supplementary Fig. 8D) did not respond well to this
induction method, with only a slight increase in CDH2 and SDC3
expression and no induction of chondrogenic initial genes (COL2A1,
SOX5, SOX6 and ACAN) and early chondrocyte markers (COL9AI or
EPYC) (Supplementary Fig. 8E-G), indicating the method was specific
for SOX9' scl-progenitors only.

To evaluate whether the early chondrocytes could serve as the
cartilaginous anlagen template and spontaneously form hypertrophic
chondrocytes and bones in vivo, we injected the micromass-derived
cells subcutaneously in NOD-SCID mice and harvested the samples at
various time points (4, 8 and 16 weeks) for analysis (Fig. 2A). At
4 weeks, most of the transplants, whose human origin was confirmed
by KU8O staining (Fig. 2B, i-ii), remained cartilaginous, as shown by
positive staining of COL Il and Safranin O (Fig. 2B, iii-iv). Hypertrophy
and calcification had already started in some areas, as indicated by COL
X and Alizarin Red staining, respectively (Fig. 2B, v-vi). RT-qPCR con-
firmed the induction of COL10A1 expression in the 4-week transplants,
but not in early chondrocytes or SOX9" scl-progenitors (Fig. 2C), sup-
porting the non-hypertrophic nature of the micromass-derived cells,
which was distinct from the previous methods where cells were

directly induced to hypertrophic chondrocytes prior to transplanta-
tion. At 8 weeks, the vascular invasion was evident, and multiple
regions appeared to be calcified (Alizarin red positive), while Safranin
O staining revealed that a substantial portion of the transplant
remained cartilaginous (Fig. 2D). Immunostaining of COL Il and X
indicated that these regions contained chondrocytes aligned in col-
umns, undergoing gradual hypertrophy (Fig. 2E).

Interestingly, closer examination of the regions using Masson’s
trichrome staining revealed multiple growth plate-like structures
(Fig. 2F), where proliferating chondrocytes in columns were visible
between the resting and hypertrophic zones. This suggested that the
formation of growth plate-like structures might be a cell-autonomous
process. In some areas, more matured bone-like structures were
observed with Masson’s trichrome staining (Fig. 2G). Moreover, as
recent reports suggested that growth plates provided the major resi-
dence for skeletal stem cells”’°, we investigated whether such stem
cells could be detected in the transplants. Indeed, when the same
gating strategies suggested by the original studies'®’” were applied
(Supplementary Fig. 9A), FACS analysis of the SOX9" scl-progenitor-
derived human mini-bones at 8 weeks confirmed the presence of
human skeletal stem cells as non-hematopoietic (CD235a, CD45), non-
endothelial (TIE2, CD3I'), and PDPN*'CD146 CD73'CD164* (Supplemen-
tary Fig. 9B), which could be further verified by immunostaining
(Supplementary Fig. 9C).

Most importantly, at 16 weeks, the transplants further matured,
where cortical and trabecular bones with a clear presence of bone
marrow cavities, hematopoietic cells, and adipose tissues could be
observed (Fig. 2H, i-iv). Co-immunostaining of human VIMENTIN and
COL I confirmed that the bone-like tissues were indeed derived from
the transplanted cells (Fig. 2H, v-vi). Oil Red, SCD1”%, and human
KUS8O staining confirmed the adipocytes were also derived, at least
partially, from the transplanted cells (Fig. 2H, vii-ix), while mouse
CD45 staining indicated hematopoietic cells were from the host
(Fig. 2H, x). Immunostaining of bone marrow markers further revealed
that the formation of supportive niches for hematopoiesis within the
grafts (Fig. 2I), with COL I and EMCN to mark trabecular bone inter-
twined by sinusoidal vessels’, LEPR to mark recruited host stromal
cells”, and CXCL12 and SCF to mark cytokines secreted by the stromal
cells”. Interestingly, some EMCN' vascular endothelial cells were
enfolded by cells of human origin (KU80"), suggesting that part of the
stroma might be directly derived from transplanted cells.

Together, these data suggested that by establishing a micromass-
based induction method, hPSC-derived SOX9" scl-progenitors could
undergo spontaneous condensation to form early chondrocytes. These
osteogenesis-committed chondrocytes could further differentiate into
hypertrophic chondrocytes and induced vascular invasion and ossifica-
tion upon in vivo transplantation, forming growth plate-like structures
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Fig. 2 | Recapitulation of endochondral ossification by SOX9* scl-progenitors.
A Experimental strategy to recapitulate endochondral ossification using SOX9" scl-
progenitors. B 4-week grafts showed hypertrophic chondrocytes and initial calci-
fication. i Graft overview with calcified hypertrophic region outlined (black dotted
line). ii human origin confirmed by anti-KUS8O. iii-iv cartilaginous tissues visualized
by Safranin O and COL Il staining. v hypertrophy indicated by COL X immunos-
taining. vi calcified region marked by Alizarin red. Scale bars: 1 mm. C RT-qPCR
indicated that the day-12 early chondrocytes lacked COL10A1 expression. Error
bars: mean +sd (n =6 samples). Statistics: Student’s t-test (two-tailed), one-way
ANOVA (SPSS v26.0). NS, not significant (p = 0.5715). ***p < 0.0001
(p=0.00000000020). D 8-week grafts showed vascular invasion and multiple
firmed human origin. iv multiple calcified regions and ossification centers revealed
by Alizarin red. v Safranin O staining revealed multi-directional growth-plate-like
tissues surrounding ossification centers. Scale bars: 1 mm (i, ii and iv), 500 pm (iii,
v). E Representative growth plate-like tissues: anti-COL II (proliferating zone), anti-
COL X (hypertrophic zone). Scale bars: 200 pm. F Columnar chondrocytes in

growth plate-like tissues (8-week grafts). RZ: resting zone; PZ: proliferating zone;
HZ: hypertrophic zone. Scale bars: 100 pm. G Masson’s trichrome staining revealed
Bone-like tissues (8-week grafts). Scale bars: 200 um. H Complete bone with a
medullary cavity at 16 weeks. i bone formation and vascularization. ii-iv H&E
staining showed bone marrow cavity formation with adipocytes, stromal, and
hematopoietic cells. TB, trabecular bone. v-vi anti-COL I and anti-human VIM
confirmed bone formation and its human origin. Arrowheads, COL I, and human
VIM colocalization. vii-ix adipocytes were stained by Oil red and anti-SCD1. Anti-
KU8O0 confirmed the human origin of some adipocytes. x host hematopoietic cells
stained by anti-mouse CD45. Scale bars: 1 mm (i), 500 pm (i, v), 50 pm (iii, vii-x),
20 um (iv, vi). I Vascular architecture and mesenchymal stroma in 16-week grafts.
i anti-COL I, and anti-EMCN revealed trabecular bone intertwined by sinusoidal
vessels. ii host mesenchymal stromal cells verified by anti-LEPR. iii-iv niche cyto-
kines were stained by anti-CXCL12 and anti-SCF. v EMCN*vascular endothelial cells
enfolded by KUSO* human cells. Scale bars: 100 um. Source data are provided as a
Source Data file.

plates in the human skeleton are formed remains elusive due to the
lack of a model that can recapitulate the process.

From our data mentioned above, when micromass-derived
osteogenesis-committed early chondrocytes were subcutaneously
injected in single-cell suspensions, there were multiple random ossi-
fication centers and at the interface between the ossification centers
and non-calcified cartilaginous tissues, growth plate-like structures
could be observed (Fig. 2D-F). We hypothesized that, if a fusion con-
struct could be generated with one end resistant to hypertrophy and
the other prone to hypertrophy and ossification, it might be possible
to induce the formation of growth plate-like structures in a more
defined and polarized manner at the osteochondral interface.

To ensure the generation of a single center with synchronized
ossification, the micromass-derived early chondrocytes were cen-
trifuged and cultured in Cl medium for condensation as spheroids
(hereafter, named osteo-spheroids), and then transplanted both sub-
cutaneously and under kidney capsule to evaluate the ossification
process (Fig. 3A). Under the kidney capsule, the osteo-spheroid
underwent synchronized hypertrophy and ossification within one
week (Supplementary Fig. 10A), while the subcutaneous transplant
remained cartilaginous at such time point (Supplementary Fig. 10B),
suggesting that the kidney capsule might be the more suitable trans-
plantation site for fast ossification. Within 4 weeks, the osteo-
spheroids became hypertrophic and were completely calcified, as
revealed by positive staining of Alizarin red and COL X/II staining
(Fig. 3B), indicating the generation of a single ossification center.

Next, we sought to generate a hypertrophy-resistant chondro-
genic center using our modified chondrogenic induction method
(Supplementary Fig. 2G and Fig. 3C). SOX9" scl-progenitors were cul-
tured as spheroids and differentiated into chondroprogenitors (Cps)
in a Cl medium. RT-qPCR revealed that Cp-markers were induced as
early as day 4 of differentiation, including SOX9, COL2A1, SOXS, SOX6,
COL9A1, and ACAN**" (Supplementary Fig. 11A). Fluorescence detec-
tion and immunostaining of these Cp spheroids further confirmed that
the cells highly expressed SOX9 and COL II, but not COL I/X (Supple-
mentary Fig. 11B). These results were also compared with the pre-
viously reported methods**** and consistently showed higher
induction of Cp markers (Supplementary Fig. 12A-C), indicating that
the optimized protocol was more efficient in inducing Cp differentia-
tion. In addition, BMSCs also did not achieve comparable Cp marker
expression levels under such conditions, (Supplementary Fig. 12D-F),
suggesting that the induction was cell-specific and more suitable for
the development-relevant SOX9* scl-progenitors.

To evaluate the chondrogenic potential and resistance to hyper-
trophy of differentiated Cps, injury sites were created in the proximal
medial tibial plateau, and Cp cells were transplanted to repair the
cartilage. At 8 weeks, the defects were efficiently and consistently

repaired by the transplanted Cps, whereas the sham control group
failed to do so (Fig. 3D-E and Supplementary Fig. 13). The cartilaginous
nature of the regenerated tissue was further confirmed by the negative
immunostaining of COL I and X (Fig. 3F). Moreover, co-staining of the
repaired site with COL I and human VIMENTIN indicated that trans-
planted Cps did not participate in the subchondral bone formation
(Fig. 3G). Besides the proximal medial tibial plateau, the SOX9* scl-
progenitor-derived Cps could also repair the articular cartilage in the
trochlear groove of the distal femur” within 4 weeks and maintained
their cartilage fate for at least 12 weeks (Supplementary Fig. 14). No
tendency of hypertrophy and ossification was observed in the repaired
tissues (Supplementary Fig. 14D and H), and the transplanted cells did
not form any subchondral bone (Supplementary Fig. 15). When the
transplanted cells were live traced for 8 weeks with AkalLuc, a reporter
capable of tracing cells in single-cell resolution®®, they showed no
abnormal distribution or growth in the host animals (Supplementary
Fig. 16). Together, these data indicated that the differentiated chon-
droprogenitors could maintain their chondrogenic potential in vivo
and were resistant to ossification.

We next sought to evaluate the formation of chondrogenic center
under kidney capsule. Chondro-spheroids were generated using Cps
differentiated for 14 days, as RT-qPCR revealed that the induction
reached a plateau at day 14, with sharp upregulation of both early
(COL2A1, ACAN) and late (EPYC, COMP) chondrocyte markers, which
were also confirmed by immunostaining (Supplementary Fig. 17).
When the chondro-spheroids were transplanted under the kidney
capsule for 4 weeks, they remained cartilaginous, as indicated by
positive staining of COL Il but negative staining for Alizarin red and
COL X (Fig. 3H), which were in sharp contrast with the calcified osteo-
spheroids-derived tissues (Fig. 3B).

To generate the fusion construct, the osteogenesis-committed
early chondrocytes and day-14 chondroprogenitors were sequentially
centrifuged together at the ratio of 1:1 followed by 7-day culture in CI
medium before further transplantation under the kidney capsule
(Fig. 4A). Interestingly, within 4 weeks, growth plate-like structures
with columnar chondrocytes were detected at the interface between
chondrogenic and osteogenic regions (Fig. 4B). The human origin of
these structures was also confirmed by KU8O staining. More impor-
tantly, the orientation of the columnar chondrocytes was longitudinal
towards the ossification center consisting of calcified hypertrophic
chondrocytes, as revealed by staining with Alizarin red, Masson’s tri-
chrome, and Safranin O (Fig. 4B). The growth plate-like structures were
consistently present only in the fusion constructs with defined pro-
liferative chondrocyte zones, but not in chondro- or osteo-spheroids
alone (Fig. 4C). Moreover, immunostaining of regional markers, COL II
(a marker for epiphyseal chondrocytes), IHH (a marker for pre-
hypertrophic chondrocyte), COL X (a marker for hypertrophic
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chondrocyte), SP7 (a marker for osteoblast/progenitor cells) and
EMCN (a marker for endothelial cells) further supported that the cel-
lular organization of the growth plate-like structures closely resembled
the primary mouse growth plates at PN9 (Fig. 4D-E).

Together, these results indicated that polarized growth plate-like
structures could be generated at the defined regions by creating a
chondrogenic and osteogenic interface using SOX9" scl-progenitors.
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These structures expressed regional markers similar to primary
growth plates.

Functional and cellular characterization of induced growth
plate-like structures

Next, we sought to investigate if the growth plate-like tissues were
capable of mediating longitudinal bone growth, a critical functional
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Fig. 3 | Generating osteogenic and chondrogenic spheroids by SOX9' scl-
progenitors. A Experimental procedure to construct osteogenic spheroids. The
osteogenesis-committed early chondrocytes (micromass-derived) were cen-
trifuged for spheroid formation followed by being cultured in CI medium for 7 days
to further condense. B The osteo-spheroids formed calcified tissues at 4 weeks
under kidney capsule, as revealed by Alizarin red, COL II, and COL X staining. Scale
bars: 500 um (before transplantation), 100 pm (post transplantation).

C Experimental procedure to construct chondrogenic spheroids. The SOX9" scl-
progenitors were centrifuged for spheroid formation followed by being cultured in
Cl medium for chondroprogenitor (Cp) differentiation. D Representative images of
the repaired proximal tibial plateau compared to the sham control. Scale bars:
500 um. E Chondroprogenitors (Cps, day 4) could efficiently generate articular
cartilage in vivo. H&E: visualization of tissue morphology. Toluidine blue staining,

Alcian blue, and Safranin O were used to detect cartilaginous extracellular matrix
(ECM). COL Il and ACAN: chondrocyte markers. Human vimentin (VIM): human
origin marker. PRG4 marked the superficial layer of the articular cartilage. No
typical cartilage tissues were formed in the sham control. For each group, n=3
mice. Scale bars: 100 pm. F No hypertrophy or ossification was detected in Cp-
derived cartilaginous tissues. COL X: hypertrophic chondrocyte marker. COL I: the
marker for fibrous and bone tissues. The mouse femur was used as the positive
control. Scale bars: 100 um. G Transplanted Cps did not contribute to the sub-
chondral bone. COL I: the marker for fibrous and bone tissues. human VIMENTIN:
the marker for transplanted Cps. Scale bars: 200um. (H) The chondro-spheroids
alone only formed cartilaginous tissues under kidney capsule. Samples were ana-
lyzed at 4 weeks post-transplantation. The histological evaluations were conducted
the same as (B). Scale bars: 500 pm (upper), 100 pm (lower).

feature of primary growth plates. Immunostaining indicated that
proliferative chondrocytes (PCNA'COL2AI" flattened) indeed resided
in the proliferating zone of the osteochondral fusion, similar to the
primary mouse growth plate at PN9 (Fig. 5A). When analyzed weekly
over a 4-week period, the fusion constructs gradually increased in size,
with the average length increasing from 0.55mm to 2.43 mm and
width from 0.53 mm to 1.98 mm (Fig. 5B and C). Growth in width
appeared to slow over time, while growth in length became more
evident. The aspect ratio (i.e., length/width) increased from approxi-
mately 1.0 (round-shaped) prior to transplantation to an average of 1.4
at 4 weeks, indicating polarized and longitudinal elongation (Fig. 5D).
Linear regression analysis showed a growth rate of 0.61 mm/week,
approximately half the growth rate of reported embryonic long
bones®®, As the primary long bones typically have two growth plate
regions, one on each end, the growth rate of the our fusion constructs
was thus similar to the primary ones. Furthermore, H&E staining
indicated that the enlargement was largely due to an increased spon-
giosa compartment, supporting the possible contribution from the
growth plate-like structures (Fig. 5E). Additionally, the proliferating
zone (flattened cells stained by COL II) appeared as early as the 1-week
time point and was itself elongating, supplying chondrocyte pools for
maturation (Fig. 5F-G). Therefore, these results supported that the
growth plate-like structures were indeed functional and could mediate
longitudinal bone growth.

Besides the elongation, we also measured the mechanical prop-
erties of the constructed osteochondral fusions. The 4-week osteo-
chondral fusions were analyzed using nanoindentation, with elastic
modulus and hardness determined via the Oliver-Pharr method®
(Fig. 5H). The mechanical properties of the osteochondral fusions
displayed zonal variations, with the average modulus increasing
approximately 160-fold (from 26.1 MPa to 4.16 GPa) and hardness ris-
ing about 240-fold (from 2.15MPa to 0.51GPa) from growth plate
cartilage to bone, indicating tissue maturation (Fig. 5I). Within the
growth plate cartilage, hypertrophic chondrocytes were observed with
lower modulus and hardness compared to the resting and proliferating
chondrocytes, consistent with previous reports in bovines and
rabbits®*®, Spongiosa bone displayed the highest rigidity, with its
average modulus (4.16 GPa) and hardness (0.51GPa) resembling
human fetal long bones®*® (Fig. 5I).

To further characterize the osteochondral fusions at the single-
cell level, we conducted scRNA-seq on the 4-week grafts using the 10x
Genomics platform. From the dataset, cells of both human and mouse
origins were detected (Fig. 5J). The human fraction contained the full
spectrum of cells during growth-plate maturation (Fig. 5K and Sup-
plementary Fig. 18A), including epiphyseal chondrocytes
(COL2AT'IHH COLX SP7)¥ with resting-zone cells (UCMA" IGF2* MKI67
TOP2A" PCNA)®8, proliferating chondrocytes (MKI67* TOP2A* PCNA*)®?,
prehypertrophic chondrocytes (IHH* ALPL* COLX"")”, hypertrophic
chondrocytes (IHH* COLX"" VEGFA* MMP13")°°', and osteoblasts/
progenitor cells (SP7* DLXS* SPPI" BGLAP2' IBSP")** %, These observa-
tions were in sharp contrast to the hPSC-derived hyaline chondrocytes

generated in vitro, which was compared as a negative control dataset"
and showed minimal clustering with our fusion-derived cells (Supple-
mentary Fig. 18B). Additionally, the referenced hPSC-derived hyaline
chondrocytes expressed lower levels of pan-chondrocyte (COL2A1,
COL9A3, COMP, MATN4)*" and proliferating genes (PCNA and TOP2A)
compared to our fusion-derived matured chondrocytes. No expres-
sion of resting (UCMA), prehypertrophic (IHH, ALPL), hypertrophic
(COL10A1, VEGFA), and osteoprogenitor/osteoblast (SP7) markers
were observed in the reference dataset either, supporting that the
detected endochondral ossification-related genes in our dataset were
specific (Supplementary Fig. 18C). Meanwhile, host-derived Emcn*
endothelial cells and hematopoietic cells were also detected (Fig. 5K
and Supplementary Fig. 18A), indicating vascular invasion into the
spongiosa. Additionally, our scRNA-seq data was also compared with
that from primary human embryonic long bones containing growth
plate structures (PCWS8.0)°°. Integrated analysis revealed general
overlaps across clusters of the growth-plate lineage between the two
datasets (Fig. 5L-M), with similarities in both the overall (Fig. 5N) and
selected stage-specific (Fig. 50) gene expressions for each cell cluster.

Collectively, these results indicated that the osteochondral
fusions could induce the formation of growth plate-like structures,
which exhibited functional and cellular similarities to in vivo primary
growth plates and could mediate longitudinal bone growth.

ITGA9 enabled reporter-independent isolation of SOX9*
scl-progenitors

Although SOX9" scl-progenitors exhibited strong osteochondrogenic
differentiation capability, the current enrichment strategy still relied
on the expression of the tdTomato reporter, which hindered their
potential use in translational studies. To establish a reporter-
independent isolation method for these cells, transcriptome analysis
comparing both SOX9" scl-progenitors vs SOX9 cells or hPSCs, was
conducted. The cells were derived from the traditional method (Sup-
plementary Fig. 2A) as the improved strategy did not yield enough
SOX9 cells for comparison.

From the transcriptome analysis, candidate surface markers enri-
ched in SOX9' scl-progenitors were identified (Figs. 6A, S1I9A) and their
expressions were validated by RT-qPCR (Fig. 6B). By ranking gene fold
changes and TPMs (Transcripts per Million) in SOX9" scl-progenitors,
ITGA9 was identified as one of the most significantly enriched candi-
dates (Supplementary Fig. 19B-C). ltga9 expression in mouse primary
sclerotome was further confirmed by re-analyzing previously published
scRNA-seq data” (Supplementary Fig. 20A-B). Immunostaining on the
E10.5 mouse embryo also verified its enrichment in the sclerotomal
region (Sox9'Pax9*Nestin’) (Supplementary Fig. 20C-D), consistent with
the FACS analysis data showing that /tga9" cells of the E10.5 trunk region
were also Sox9* (Supplementary Fig. 20E). These results indicated that
ITGA9 might be a specific marker for SOX9" scl-progenitors.

Next, Cell sorting using the anti-human ITGA9 antibody con-
firmed that SOX9* scl-progenitors were indeed enriched in the /TGA9*
fraction (Fig. 6C), consistent with SOX9 immunostaining (Fig. 6D) and
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Fig. 4 | Generating polarized growth plate-like structures by SOX9* scl-
progenitors-derived osteochondral fusions. A The experimental procedure to
construct osteochondral fusion using SOX9" scl-progenitor-derived osteo-
spheroids (containing osteogenesis-committed early chondrocytes) and chondro-
spheroids (containing day-14 chondroprogenitors. Scale bars: 500 um. B The
osteochondral fusions generated polarized growth plate-like tissues with uni-
directional proliferating chondrocyte columns. Alizarin red: calcified region. Mas-
son’s trichrome and Safranin O showed the overall morphology and the growth
plate-like regions. The dotted line: proliferating zone. KU8O marked human cells.
RZ, resting zone. PZ, proliferating zone. HZ, hypertrophic zone. Scale bars: 100pm.
C Consistent formation of polarized growth plate-like tissues in the osteochondral

. EMCN

fusion grafts. The width of the proliferating zones was measured and compared
with transplants with chondro- and osteo-spheroids as controls. Error bars

(mean + sd) represented data from five independent transplants (two sections per
transplant). Scale bars: 100 pm. Statistics: Student’s ¢-test (two-tailed), by SPSS
v26.0. *p < 0.01 (p = 0.0011), ***p < 0.0001 (p = 0.00000025). D, E Similar
expression of regional markers between the osteochondral fusion (E) with primary
growth plate tissues from mouse femur at PN9 (D). COL Il, pan-chondrocyte mar-
ker. IHH, prehypertrophic chondrocyte marker. COLX, hypertrophic chondrocyte
marker. SP7, osteoblast, and bone progenitor marker. EMCN, endothelial marker.
Scale bars: 100 pm. Source data are provided as a Source Data file.

RT-gPCR analysis of sclerotome-specific markers (Fig. 6E). To confirm
that ITGA9' cells were indeed scl-progenitors with robust osteochon-
dral differentiation capability, /ITGA9" cells were subject to in-vitro
differentiation as mentioned previously (Supplementary Fig. 2G).
Compared to I/TGA9 cells, only ITGA9" cells exhibited strong

osteochondrogenic competence (Fig. 6F) and showed no expression
of COL I/X (Fig. 6G). Since these ITGA9" cells were derived using the
traditional method, we also confirmed these observations in the
optimized differentiation method. Under such conditions, ITGA9" cells
were also present and enriched with sclerotome-specific marker
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expressions (Fig. 6H-I). Together, these data indicated that /TGA9 was a
specific surface marker for SOX9' scl-progenitors and enabled
reporter-independent isolation of these cells.

Discussion
In this study, we characterized and identified SOX9" scl-progenitors as
the key population in the hPSC-derived sclerotomal cells with strong

osteochondral potential. To resolve the cell heterogeneity issue of the
traditional method, an improved stepwise induction protocol was then
developed, which could achieve an average of 99.21% + 0.24% effi-
ciency in deriving SOX9' scl-progenitors from multiple hPSC lines. A
differentiation toolkit was then established for inducing these cells
further into either chondroprogenitors that could generate articular
cartilage or osteogenesis-committed early chondrocytes that faithfully
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Fig. 5 | Characterization of polarized growth plate-like structures. A Anti-COL Il
and anti-PCNA confirmed proliferative cells in growth plate-like structures of
osteochondral fusions, resembling PN9 mouse femur. Scale bars: 100 pum.

B-E Osteochondral fusions mediated longitudinal bone growth. Grafts were har-
vested weekly for 4 weeks for analysis. B graft overview. Scale bar: 500 pm. C tissue
growth quantification. Each dot represents a single fusion graft (n= 6 for week-0,
n =3 for each time point). D increasing aspect ratios indicated longitudinal elon-
gation. Error bars: mean + sd. Statistics: Student t-test (two-tailed). p=0.0190
(week-4 vs. week-2); p=0.0031 (week-4 vs. week-1); p=0.00000081 (week-4 vs.
week-0). E H&E staining. Scale bar: 200 pm. F, G Anti-COL Il confirmed PZ (pro-
liferative chondrocyte zone) elongation. F PZs marked by dotted lines (flattened
cells stained by anti-COL II). Nuclear staining: DAPI. Scale bars: 200 pm.

G quantitative analysis of PZ elongation. Data collected from independent samples
(n=6 for week-0, n =3 for each time point). Statistics: Student t-test (two-tailed),
*p<0.05, **p < 0.001, ***p <0.0001. p = 0.0337 (week-4 vs. week-3); p=0.0007
(week-4 vs. week-2); p=0.000085 (week-4 vs. week-1); p=0.0000010 (week-4 vs.
week-0). H, I Mechanical testing by nanoindentation. H 4-week grafts coronally

cryosectioned, fixed, and polished with indents made on resting/proliferative zone
(R/PZ), hypertrophic zone (HZ), and spongiosa. I elastic modulus, and hardness
calculated using the Oliver-Pharr method. Error bars: mean + sd, n= 6 indents for
each zone. Statistics: Student t-test (two-tailed) and One-way ANOVA, *p<0.01,
**p < 0.0001. **p =0.0061, ***p =0.0000045 (Young’s modulus); **p = 0.0023,
***p =0.000059 (hardness). ] SCRNA-seq identified human skeletal and host cells in
4-week grafts. EpiphyChon, epiphyseal chondrocytes. ProlifChon, proliferative
chondrocytes. PrehyperChon, prehypertrophic chondrocytes. HyperChon, hyper-
trophic chondrocytes. OB, osteoblast/progenitor cells. PeriChon, perichondral
cells. EndoCell, endothelial cells. HematoCell, hematopoietic cells. StromCell,
stromal cells. K Marker gene expression in each cluster by dot plot. (L-O) Inte-
gration analysis with human embryonic long bones (PCW8.0). L UMAP visualization
of integrated dataset. M overlaps between osteochondral fusions and embryonic
long bones across cell types. N similar gene expression profiles between fusion
grafts and embryonic long bones. O comparable expression of endochondral
ossification lineage-specific genes. Source data are provided as a Source Data file.

model key steps of endochondral ossification, including spontaneous
condensation, anlagen formation, chondrocyte hypertrophy, vascular
invasion, and bone formation. Notably, when osteo- and chondro-
spheroids derived from these progenitors were fused, they self-
organized into elongating growth plate-like structures that exhibited
molecular and cellular similarities to primary growth plates. Addi-
tionally, we identified /TGA9 as a specific marker for isolating SOX9"
progenitors and established a culture system that supported their
continuous expansion in vitro. Our findings highlight SOX9" scl-
progenitors as a valuable cell source for modeling human skeletal
development and bioengineering of cartilage and bones (Fig. 7).

Mammalian skeletal development and homeostasis can be divi-
ded into two phases: the developmental phase, where bones are
formed through mesenchymal progenitors following developmental
processes, and the postnatal homeostatic phase, where osteoblasts
and osteoclasts coordinate to maintain normal bone metabolism and
remodeling'. While substantial research has been done in studying the
function of resident skeletal stem cells, osteoblasts, and osteoclasts in
bone remodeling and repair*®®*°, less is known on early bone devel-
opment. Especially, the molecular mechanisms on how endochondral
ossification is initiated and growth plate regions are organized and
regulated during human long bone development are still unclear.
Genetic mutations that affect growth plate formation have been found
to cause pathological conditions in patients, including Hutchinson-
Gilford progeria syndrome (HGPS) caused by mutant Lamin A
(LMNA)'*™°' Achondrogenesis Type IB caused by mutant SLC26A2 (or
DTDST)'?, and Hereditary multiple osteochondromas (HMO)'**, a rare
condition causing benign bone tumors to grow along the growth
plates. Besides these serious diseases, short stature is another growth
plate-related condition, and the genetic variants that caused most of
the cases of short stature were still unknown (thus often defined as
Idiopathic Short Stature, ISS), which makes it a challenge for clinical
diagnosis and effective management'®*. Given the difficulty of recapi-
tulating many of these pathological conditions in mouse models and
the limitations of other human PSC-based strategies in modeling key
steps of early endochondral ossification, our method for generating
SOX9" sclerotomal progenitors, along with the accompanying osteo-
chondral differentiation as well as growth-plates induction strategies,
may offer a promising tool for studying early human skeletal devel-
opment. In particular, the basic biological mechanisms underlying key
factors such as self-condensation, chondrogenic induction, cellular
elements involved in growth plate organization, and genetic mutations
associated with osteochondral disorders could be systematically
investigated.

In addition to skeletal modeling by constructing osteochondral
fusions, the SOX9" scl-progenitors-derived chondroprogenitors
reported here were also demonstrated having ability to repair focal

cartilage injuries in NOD/SCID mice, suggesting their potential for
applications in cartilage regenerative medicine. Compared to auto-
logous chondrocyte implantation (ACI), SOX9* scl-progenitors-derived
Cps could avoid potential surgery-caused donor-site morbidity and
may be better suited for elderly patients when autologous tissues were
also affected by ageing-caused degeneration. Additionally, hPSC-
derived chondrocytes resembled a juvenile state, demonstrating
higher proliferative potential and resistance to inflammatory cytokines
compared to adult chondrocytes'®. However, further investigation on
SOX9" scl-progenitors-derived Cps and their tissue regeneration
potential within the inflammatory microenvironment as well as treat-
ment safety is essential to determine their applicability in treating
cartilage defects in OA patients.

As a critical regulator during early skeletal development, includ-
ing the pre-condensation (the mesenchyme) and downstream lineage-
specific progenitor stages, Sox9 was also used previously by other
studies as marker of chondrogenic progenitors. For example, it was
reported that hPSCs could acquire an ectomesenchymal fate by TGF3
inhibitor (SB431542) treatment followed by further propagation in a
medium containing FGF2 and SB431542. This strategy could obtain
expandable CD271'CD73" cells, where ~20% of them were SOX9-
positive™. In another study, the hPSCs were first induced to a meso-
dermal fate (expressing TCF15 and MEOX1), followed by cell expansion
to obtain the SOX9* subpopulation®. Although those cells were shown
to be chondrogenic upon further lineage induction, their develop-
mental relevance was not clear. Both of these cells showed SOX9
expression as well as some mesenchymal cell markers (e.g., CD271 and
CD73), but the heterogeneity was clearly observed. Therefore, further
research is required to compare the different hPSC-derived progeni-
tors and the in vivo counterparts in terms of their molecular simila-
rities and functional differences to better define their developmental
relationships.

Additionally, the identification of ITGA9, encoding integrin alpha-
9, as a specific marker for SOX9" scl-progenitors has provided reporter-
free approaches to isolate sclerotomal cells from differentiated hPSCs.
In situ immunostaining revealed co-expression of Sox9 and ltga9 in the
sclerotome, highlighting intriguing aspects of sclerotome develop-
ment. Previous studies have shown that integrin alpha-9 has been
associated with processes such as cell migration, invasion, and
epithelial-mesenchymal transition (EMT) in tumor cells'®. During
sclerotome specification, the epithelial somite undergoes EMT, tran-
sitioning from a compact, adhesive state to a motile mesenchymal
state. This transition is critical for generating a migratory cell popu-
lation capable of positioning around midline axial structures to form
the axial column'®’'%, Itga9 may contribute to this process by pro-
moting EMT, facilitating cell migration, and regulating proliferation.
Interestingly, from published data on chromatin immunoprecipitation

Nature Communications | (2025)16:2781

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58122-9

A B
@ NS. @ LogFC  ® pValue @ Log,FC & p-Value : - FLRT2 - ITGA9
400 o 2 15+ 2 454 o RT-gPCR
g g § a RNA-seq
a Q o
x x x
Ll @ o
s ] g
FLRT2 FAT4
300 e T B I T né nE: nE:
O : ek AR
3 PLXNA2 . 2 2 g
2 SO 2 2 2
= 5 5 5
& & & &
2 .
£ 200
I3
PDGFRA]
< K} 2 2
< 2 2 215
=) 2 2 g
S g g g
T 100 3 3 3 1,04
< < <
r4 z z
o o o
E H E 0.5
o e 5 5 k] 00
S 0.0
o © [y
5.0 25 0.0 25 5.0 SOX9+ - + -
Log, (Fold change) c c 5
S 9 a
@ mGA9]| @ SOX9 % 42
c D E 812 8 1.2, § ] opo
Qo =3 0. x
1gG control day-0 iPSC H 3 4
‘ ITGAS* cells < 08 < 0.8 g0
4 F4 ['4
£ £ E
o 0.44 o 0.44 4 0
2 2 =
k] ki 3o
R go.wq_‘s’ go.o-q‘@, o o ‘9.0@,
2 4 g ¥ &
10 10 L e EC . ¢S
ITGA9"SOX9 2 [PAx9] 2 TWIST: 2 IKX3-2
96.7% 8 1.2 127 o 812
g 4 g
o o L)
< 0.8 < 0.8 < 0.
z 4 4
o o o
IgG control .E, 0.44 qE) 0.4 E 0.
5 4 ™ 2| T ™ 4- 2 = 2
10 10 10 10 3 ool llame 3 o0 3o
ITGA9-Alexa 488 tdTomato 3 9 GRS 3 &
F & PO F O
N AN AN
F Alizarin red G COLI COL X
i’:’ .
] 2
~
s g
- -
5
5
. &
3 g
[ 3
= E
]
°
<
H | SOX9 PAX1 PAX9 TWIST:
c c ek c Hekkk c - c
212 ok 2129 o 212 ° 212 0 1.6 2
] ] olo ] an o a
2 1 9 2 g
g I S =% 2 1.2 e
308 3 08 % 08 308 o 3
< < < < < <
y. Z P4 F4 F4 = 08 Z
M ' € 4 4 4 x ¥
SOX9* scl-progenitor | ° 04 E 04 E 0.4 E 04 E 0.4 o
91.4% BN 2 2 2 2 2z 2
\ K K K s 5 s
& 0.0 & 0.0 & 0.0 & 0.0 2 0.0 &
o $ o $ S $ & $ $
10 10 10 & & & & & & & & &
ITGA9-Alexa 488 SR &R &R $ R RN

Fig. 6 | ITGA9 enabled reporter-independent isolation of SOX9* scl-progenitors.
A RNA-seq analysis revealed multiple surface markers enriched in SOX9" scl-
progenitors. Transcriptomic analysis was done by comparing SOX9* scl-progenitors
vs SOX9 cells sorted from Day-6 sclerotomal cells from the traditional method
(n=3 for each group). Statistics: Exact test based on the negative binomial dis-
tribution (two-sided) by edgeR. B Confirmation of differential gene expression
between SOX9" scl-progenitors and SOX9 cells by RT-qPCR. For RT-qPCR, error bars
(mean + sd) represented data from six biological replicates; for RNA-seq, error bars
(mean + sd) represented data from three biological replicates. C Confirmation of
SOX9 and ITGA9 co-expression in differentiated sclerotomal cells by flow cyto-
metry. Isotype antibody served as the control. The proportion of SOX9" cells among
the ITGA9" population was shown on the right, which was gated according to
undifferentiated hPSCs. D Confirmation of SOX9 and ITGA9 co-expression by
immunostaining. /TGA9" cells were sorted and stained with anti-SOX9. Scale bars:

50 pum. E Sclerotome-specific genes were highly enriched in ITGA9" cells. Error
bars:mean + sd, n = 6 samples. F /TGA9" cells retained osteochondral competence.
Cell differentiation was induced the same as in Supplementary Fig. 2G. Scale bars:
200 pm (Alizarin red); 100 pm (spheroids). G Negative immunostaining of hyper-
trophic and osteogenic markers indicated no ossification. COL X: hypertrophic
chondrocyte marker. COL I: the marker for fibrous and bone tissues. The mouse
femur was used as the positive control. Scale bars: 100 pum. H, I Sclerotome-specific
genes were also enriched in ITGA9" cells derived by the current method. Error
bars:mean + sd, n = 6 samples. ACTB served as the housekeeping control. Statistics:
Student t-test (two-tailed), by SPSS v26.0. ***p < 0.001, ***p < 0.0001.
p=0.0000021 (/TGA9); p=0.00000045 (SOX9); p=0.0000086 (PAXI);

p =0.0002 (PAX9); p=0.0000084 (TWISTI); p=0.0000062 (NKX3-2). Source data
are provided as a Source Data file.
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Fig. 7 | Summary of the key features for our approach in modeling human endochondral ossification. lllustrative summary highlighting key features of this study.

of SOX9 protein, it had direct binding on known /tga9 promoter or
enhancer regions in multiple samples, including mouse
chondrocytes'” as well as both mouse and bovine fetal testis"’. Simi-
larly, ITGA9 expression might also be directly regulated by SOX9
during sclerotome specification, which would require further
investigation.

It is also important to note that under physiological conditions,
sclerotomal progenitors give rise to the axial skeleton, not the
appendicular skeleton. Therefore, it remains to be determined whe-
ther this strategy can be used to generate appendicular growth plates
and articular cartilage. Although the elongation rates seemed com-
parable to primary ones, the actual size was still smaller than human
fetal long bones. The initial cell number, the host environment (mouse
physiology), as well as the transplantation site, may influence the size
and growth of the transplanted tissues. Nanoindentation indicated
that the hardness of the bone obtained in the study was comparable to
that during the embryonic stage. However, further optimization is still
needed to improve the construction of osteochondral fusions in order
to better mimic the architecture of primary long bones and eventually

use it as a robust preclinical drug evaluation platform. Moreover, the
current approach still depends on in vivo transplantation to enable
proper vascular invasion and bone marrow formation, emphasizing
the need for continued efforts to fully replicate these processes
in vitro.

Methods

Cell culture

All experiments involving human pluripotent stem cells were reviewed
and approved by the Institutional Animal Care and Use Committee at
the College of Life Sciences, Sichuan University. H1 hPSCs, H9 hPSCs,
NC3-1 hiPSCs, IMR904 hiPSCs (gifts from Prof. Yan Liu at Nanjing
Medical University), UCO1 hiPSCs (a gift from Prof. Jinglei Cai from
GIBH-CAS), SOX9-tdTomato UCO1 hiPSC and Akaluc-BsdR-SOX9-
tdTomato UCO1 hiPSCs (constructed using UCO1 hiPSCs) were routi-
nely propagated in Pluripotency Growth Master 1 (PGML1, Cellapy, Cat#
CA1007500) medium on cell culture plates coated with Matrigel
(Corning, Cat# 354230 or MeisenCTCC Cat#MS0101ZY). The working
solution of Matrigel (MatriWS) was prepared using DMEM/F12 (Gibco,
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Cat# C11330500) at 1 mg/12 ml, and the coating was conducted at 37 °C
for at least 1h. All the hPSC/iPSC lines were maintained carefully to
avoid any spontaneous differentiation. Cell splitting was carried out at
1:5 with 0.5 mM EDTA (ThermoFisher, Cat# AM9260G) in PBS (Gibco,
Cat# C10010500BT) when the confluency reached 80%. The cells
should be lifted from plates as fine clumps, and the ROCK inhibitor was
excluded during routine culture unless otherwise mentioned. Human
bone marrow stem cells (hBMSCs, OriCell, Cat# HUXMA-01001) were
cultured in MEM alpha (Gibco, Cat# 12571063) supplemented with 20%
v/v lot-selected non-heat inactivated fetal bovine serum (FBS)
(Hyclone, Cat# SH30084.03) and 1% v/v penicillin/streptomycin (pen-
strep, Gibco, Cat#15140-122). The cells were passaged with 0.25%
trypsin-EDTA (Thermofisher, Cat# 25200056) when the confluency
reached ~70% and replated at the ratio of 1:5.

UCO1 (SOX9-tdTomato) hiPSC line construction

Knock-in was achieved by non-homologous mediated end joining
using the CRISPR/Cas9 system with guide RNAs (gRNAs) targeting the
3" untranslated region (UTR) of SOX9 (Supplementary Fig. 1A). Four
gRNAs were designed using the online tool CRISPR™, with PAM
sequences located within 100 base pairs (bp) downstream from the
stop codon of SOX9. The targeting vector containing the IRES-
tdTomato-PGK-PuroR cassette was synthesized by BGI Group, Beijing.
The gRNAs were annealed and subcloned into both the PX330 vector
harboring the Cas9-expressing cassette and the targeting vector. To
generate the UCO1 (SOX9-tdTomato) hiPSC line, parental UCO1 hiPSCs
were seeded sparsely (-40% confluency) as single cells on MatriWs-
coated 12-well plates. The next day, the cells were co-transfected with
800 ng of PX330-SOX9 gRNA and 500 ng of IRES-tdTomato-PGK-PuroR
targeting vector by Lipofectamine Stem Transfection Reagent (Ther-
moFisher, Cat# STEMO00015) using manufacturer’s protocol. Drug
selection was carried out using puromycin for 10 days till the con-
fluency reached 80%. The concentration of puromycin increased gra-
dually from 0.2 to 0.5 pg/ml and was kept constant at 0.5 pg/ml for
subsequent colony screening. To pick correct colonies, the transfec-
tion pools were dissociated into single cells by Accutase (Innovative
Cell Technologies, Cat#AT-104) and seeded at a density of 6-10 cells/
well in MatriwS-coated 96-well plates and cultured with
PGM1 supplemented with 0.5pg/ml puromycin and 10 uM ROCK
inhibitor, Y27632 (MCE, Cat#HY-10071). This density would result in
~15% single colonies in each plate, which were propagated further till
sufficient cells could be harvested for genotyping. To verify correct
integration, both 5" and 3’ ends were amplified by PCR and were subject
to Sanger sequencing. gRNAs used are listed in Supplementary Data 1.

Generation of SOX9* sclerotomal progenitors (scl-progenitors)
Before differentiation, routinely cultured hPSCs were re-split to
another MatriWS-coated plate. To control the starting cell density, the
cells were detached from culture plates by 0.5 mM EDTA as fine clumps
when the confluency reached 80% and split at 1:5. Once plating, vig-
orous shaking should be done several times to make sure the clumps
were evenly distributed across the culture plates. The next day, fine
and separated colonies should be present on the culture plates and any
signs of over-confluency represented by large-sized integrated multi-
colonies should be avoided to maintain differentiation efficiency.

All differentiation was conducted in the two-dimensional serum-
free condition using a modified chemically defined medium with insulin
(CDMi)”. To prepare CDMi, IMDM (Gibco, Cat# 31980-097) and F12
(Gibco, Cat# 31765-092) were mixed at 1:1 supplemented with 1% v/v
concentrated lipids (Gibco, Cat# 11905-031), 450 pM monothioglycerol
(Sigma, Cat# M6145), 0.7 pg/mL insulin (Solarbio, Cat# 18830), 15 pg/ml
transferrin (Sigma, Cat# T0665), 1% v/v pen-strep, and 1 mg/mL poly-
vinyl alcohol (Sigma, Cat# P8136-250G). The polyvinyl alcohol was first
solved at 25 mg/ml in ultrapure water (UP H,0) by heating to 85°C and
then cooled on ice before being added to the medium.

Our method to generate SOX9" scl-progenitors was optimized
based on the traditional one’>** as illustrated in Supplementary
Fig. 2A. To start traditional differentiation, day-O hPSCs were gently
washed with the wash medium (formulated as 3 mg/ml bovine serum
albumin (BSA) in DMEM/F12) and were induced to primitive streak (PS)
in CDMi containing Activin A (30 ng/ml, Solarbio, Cat#P00101),
CHIR99021 (7 uM, MCE, Cat#HY-10182) and bFGF (20 ng/ml, Pepro-
tech, Cat#100-18B) for 24 h; the next day, day-1 PS was washed with
wash medium and differentiated to presomitic mesoderm (PSM) in
CDMi containing SB431542 (20 uM, MCE, Cat#HY-10431), CHIR99021
(3uM), LDN193189 (125 nM, MCE, Cat#HY-12071A), and bFGF (40 ng/
ml) for another 24 h; subsequently, the day-2 PSM was differentiated to
somite (SM) in CDMi containing XAV939 (0.5 uM) and PD0325901
(1M, MCE, Cat#HY-10254) for 24 h; the following day, the SM was
washed with wash medium before induced to sclerotome by CDMi
containing SAG (200 nM) and LDN193189 (600 nM) for 72h with
medium changed every day. The final SOX9* scl-progenitors were
obtained by fluorescence-activated cell sorting (FACS).

Our optimized method was established inspired by the chicken
PSM explant culture experiments***’, where the PSM is induced to a
sclerotomal fate directly without somite specification (somite-skip-
ping). To start optimized differentiation, the induction of PS and PSM
was kept the same as the traditional method*®. Subsequently, the day-2
PSM was dissociated to single cells by TrypLE (Gibco, Cat#12605028)
and four-fold volume of wash medium was used to stop digestion. The
cells were then pelleted by centrifugation at 300 x g for 3 min and
resuspended for further wash and cell counting. Next, cell suspension
was re-collected by centrifugation again at 300 g for 3 min and resus-
pended in CDMi supplemented with SAG (200 nM, MCE, Cat#HY-
12848), LDN193189 (600 nM), XAV939 (0.5 uM, MCE, Cat#HY-15147),
and Y27632 (10 uM) for the following SOX9" scl-progenitor differ-
entiation. The cells were seeded onto another MatriWS-coated plate at
the density of 1x10° cells/cm’. Also, vigorous shaking should be done
several times immediately after plating to make sure the cells are
evenly distributed across the culture plates. The cells were cultured for
24 h where the medium was replaced with CDMi without Y27632 for
another 24 h of induction. (Note: the plating density of PSM could be
variable for different hPSC lines. Cell death may occur when cells are
plated too sparsely, while overcrowding may cause unintended and
nonuniform differentiation. Optimization should be done when
changing the lines).

Quantitative PCR

Total RNAs were extracted from cells using TRI Reagent (Sigma-Aldrich,
Cat# T9424) and then reverse-transcribed to cDNA with the PrimeScript
RT reagent kit with gDNA Eraser (TAKARA, Cat# RR047A) according to
the manufacturer’s protocol. The quantitative PCR was performed
using a CFX384 Optics Module (Bio-Rad, USA) with AceQ Universal
SYBR qPCR Master Mix (Vazyme, Cat# Q511-02), and the relative
expression levels were calculated with the comparative threshold cycle
(AACT) method. Primers are listed in Supplementary Data 1.

Immunocytochemical staining

Adherent cells cultured on a cover glass or confocal dish were fixed
with 4% paraformaldehyde (PFA) for 8 min at room temperature (RT)
before being washed twice with PBS. Permeabilization was conducted
for intramembranous antigen with 0.3% PBST (v/v Triton X-100 in PBS),
followed by blocking with blocking buffer (5% bovine serum albumin
(BSA, Sigma, Cat# A3311-10G) in PBS) at RT for 1h. Subsequently, the
cells were incubated with primary antibodies diluted in blocking buffer
overnight at 4 °C and then were washed three times with PBS. Next, the
cells were stained with secondary antibodies in the dark at RT for 1h
and were washed again with PBS. For cells cultured on cover glass, the
samples were mounted using the mounting medium with 4,6-diami-
dino-2-phenylindole (DAPI) (ZSJB-BIO, Cat# ZLI-9557) for nuclear
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staining. For cells cultured on the confocal dish, the nuclei were
stained by Hoechst 33342 (ThermoFisher, Cat#H3570). Immuno-
fluorescent microscopy was conducted with Leica TCS SP5SIl and
Olympus VS200. Antibodies used are listed in Supplementary Data 2.

Western blotting

Proteins of the day-O undifferentiated SOX9-tdTomato hPSCs, day-4
SOX9" scl-progenitors, and expanded scl-progenitors were extracted
with RIPA lysis buffer (Cat# 89901, Thermo Fisher) and were quantified
using a Pierce™ BCA Protein Assay Kits (Cat# 23227, Thermo Fisher)
under manufacturer’s instructions. 10ug proteins were separated by
electrophoresis using SDS-PAGE followed by being transferred to
0.45 um PVDF membranes (Cat# 88518, Thermo Fisher). After blocking
with 5% (w/v) skim milk in PBST (0.02% (v/v) Tween 20 in PBS), the
membranes were incubated with Anti-SOX9 and TWISTI (Cat# 25465-1-
AP, Proteintech) overnight at 4 °C. After incubation with horseradish
peroxidase (HRP)-conjugated antibodies, the membranes were reac-
ted with ECL Western Blotting Substrate (Cat# KF8005, Affinity) to
detect signals using the Bio-Rad Gel Doc XR+ Documentation System.
Antibodies used are listed in Supplementary Data 2.

Flow cytometry

For analysis or sorting SOX9' cells using the SOX9-tdTomato hPSCs, the
cells were first dissociated into single cells by Accutase and were
washed once with 5% BSA. The cells were then resuspended in PBS and
were filtered with a 70-pum strainer for downstream experiments. Day-
0 undifferentiated SOX9-tdTomato hPSCs were used as the negative
control.

For intracellular or cell-surface protein staining, cells were dis-
sociated into single cells by Accutase and were counted with Cell
Counter (ThermoFisher). 1x10° cells were used for a single test. Per-
meabilization was performed using 0.3% PBST for intracellular anti-
gens. The cells were then incubated with 100 pl of primary antibodies
in 5% BSA at RT for 40 minutes and were then washed twice with 5%
BSA. The cells were subsequently stained with 100 pl of secondary
antibodies (1:400) in 5% BSA at RT for 30 min protected from light and
washed twice with 5% BSA. Samples stained with isotype IgG were used
as the negative control.

For detection of the secreted proteins, including COL II, COL X,
COL |, etc., the cells were first treated with 10 pg/ml of brefeldin A
supplemented in the culture medium for 24 h to block protein secre-
tion from the endoplasmic reticulum. For xenografts transplanted in
NOD/SCID mice, 500 pl of 0.5 mg/ml brefeldin A in PBS was injected
intravenously into the host mice 6 h before tissue harvesting. The
samples were then dissociated into single cells and were subject to
routine intracellular protein staining protocol as mentioned above. All
the analysis and sorting were done by BD Fortessa and Aria Il (BD
Biosciences, USA). Antibodies used are listed in Supplementary Data 2.

Generation of chondroprogenitors (Cps) and cartilaginous/
chondral spheroids from SOX9+ scl-progenitors

Adherent cells were first dissociated into single cells by TrypLE, and
sorted cells were collected by centrifugation at 300 x g for 3 min. After
being washed once with wash medium, 1.5 x 10° cells were collected in
the U-shaped ultra-low attachment 96-well plate, suspended in CDMi
supplemented with 200 nM SAG, 600 nM LDN193189, and 10 pM
Y27632 followed by centrifugation at 300 xg for 6 min to form
spheroids overnight. After being washed once with wash medium, the
spheroids were cultured by chondrocyte induction (CI) medium for-
mulated as DMEM supplemented with 0.1 uM dexamethasone (DEX)
(MCE, Cat#HY-14648), 50 M ascorbic acid (Sigma, Cat#A8960),
50 pg/ml L-proline (Sigma-Aldrich, Cat#P0380), 20 ng/ml TGFB3
(Peprotech, Cat#100-36E), 20 ng/ml BMP2 (Peprotech, Cat#120-02),
20 ng/ml bFGF, 1% v/v ITS +1 (Sigma-Aldrich, Cat#12521-5 ML), 1% v/v
sodium pyruvate (Gibco, Cat#11360070), and 1% v/v pen-strep. For

articular cartilage repair assays (Fig. 3D-G and Supplementary
Figs. 13-16), the cell induction lasts for 4 days to obtain day-4 Cps; for
construction of osteochondral fusions, the induction lasts for 14 days
to generate day-14 Cps (Figs. 3H, 4-5 and Supplementary Fig. 17); and
for evaluation of chondrogenic competence by in vitro differentiation,
the induction should be 42 days to generate cartilaginous /chondral
spheroids (Fig. 6F-G and Supplementary Fig. 2G-I and 5A).

Osteogenic induction in vitro for Alizarin red staining
Osteogenic induction was conducted to evaluate the osteogenic
competence of SOX9* scl-progenitors, expanded scl-progenitors,
SOX9 cells, ITGA9" and ITGA9 cells. Adherent cells were dissociated
into single cells by TrypLE, and sorted cells were collected by cen-
trifugation at 300 g for 3 min. After being washed once with wash
medium, 1x10° cells were seeded on a 96-well plate and cultured with
«-MEM supplemented with 10% v/v FBS, B-glycerophosphate (10 mM,
Millipore, Cat#35675), DEX (0.1 uM), ascorbic acid (50 pg/ml) and 1% v/
v pen-strep for 30 days.

Histological analysis for in vitro osteochondrogenic assays
Day-42 chondroprogenitors were fixed with 4% PFA overnight at 4 °C.
After being washed twice in PBS, samples were embedded in paraffin.
Sections were made at 6 um using paraffin microtome (Leica RM2245)
and were stained by Alcian blue, Safranin O, Toluidine blue O, COL I,
COL |, COL X after rehydration in xylene and ethanol. For Alcian blue
staining, 5% w/v Alcian blue 8GX (Sigma, Cat#A5268-100G) stock
solution was first prepared in PBS and brought to 1% w/v working
solution using 0.1N HCI. The sections were treated with 0.1 N HCI for
2 min, followed by staining with Alcian blue working solution at RT for
30 min. After being washed in 0.1N HCI for 2 min, the sections were
rinsed in ultrapure water to remove any acidic content for subsequent
nuclei staining by hematoxylin. For Safranin O staining, nuclei staining
was first conducted with Wiegert's hematoxylin (Solarbio, Cat#G1371).
The sections were then stained with 0.1% w/v Fast Green FCF (Sigma-
Aldrich, Cat#F7252-100G, in UP H,0) for 90 s, followed by rinsing in 1%
glacial acetic acid for 90 s. Subsequently, the sections were stained
with 5% Safranin O (Sigma, Cat#S2255-100G, in UP H,0) for 1 min. After
rapid dehydration in 95% ethanol and 100% ethanol for 1 min each, the
sections were cleared in xylene and mounted with neutral resin. The
Toluidine blue O staining was conducted using the manufacturer’s
protocol (Solarbio, Cat# G2543). For Col Il staining, antigen retrieval
was first carried out using pepsin (Sigma-Aldrich, Cat#R2283) for
30 min at 37°C. The sections were then treated with 5% w/v BSA
(Sigma-Aldrich, Cat#A9418-100G) and incubated with Col II antibody
overnight at 4 °C. After being washed in PBS three times, the sub-
sequent secondary antibody staining and DAB reaction were con-
ducted using the Universal IHC Staining Kit (ZSJB-BIO, Cat# PV6000)
according to the manufacturer’s protocols. The nuclei were stained
with hematoxylin. The same procedures were used for COL I and COL
X staining except that the heat-induced antigen retrieval was con-
ducted using citrate buffer (pH 6.0). Antibodies used are listed in
Supplementary Data 2.

Day 30 osteogenic cells were fixed with 4% PFA at RT for 8 min and
washed twice with PBS. The fixed cells were then stained by 2% w/v
Alizarin red (Sigma-Aldrich, A5533) at RT for 2min, followed by
washing three times with PBS.

Comparative evaluation assays for chondroprogenitor
generation

Current protocol vs. reference methods. For the current protocol,
the chondroprogenitors were generated using SOX9" scl-progenitors
by centrifugation as mentioned above, and were cultured in the CI
medium for 4 days. For reference method I, the SOX9* scl-progenitors
were induced to chondroprogenitors in CDMi containing 20 ng/ml
BMP4 for indicated days. For reference method II”?, 2 x10° SOX9*
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scl-progenitors were seeded on MatriWS-coated plate suspended in
20 pl base chondrogenic medium (DMEM supplemented with 1% v/v
ITS, 50 pg/ml ascorbic acid, 40 pg/ml L-proline, 0.1 uM DEX) supple-
mented with 20 ng/ml bFGF to adhere at 37 °C for 30 min-1h. The
micromass was then covered by the base chondrogenic medium
supplemented with TGF33 (10 ng/ml) and was maintained in the
medium for indicated days. For reference method III*, the chon-
droprogenitors were generated using SOX9* scl-progenitors by cen-
trifugation as mentioned above. The spheroids were cultured in APEL2
(Stem cell technology, Cat#05270) supplemented with 5% PFHM II
(ThermoFisher, Cat# 12040077), 20 ng/ml bFGF, and 1% Pen-strep for
indicated days. All differentiation was conducted in the same time
frame (4 days) for comparison by RT-qPCR.

hBMSCs differentiation. The hBMSCs (human bone marrow
mesenchymal stem cells) were dissociated into single cells using Try-
pLE and were differentiated into chondroprogenitors using the cur-
rent protocol as mentioned above. The hBMSCs-derived
chondroprogenitors were harvested on day 4 for analysis by RT-qPCR.

Animal use

All animal experiments were approved by the Institutional Animal Care
and Use Committee at the College of Life Sciences, Sichuan University
(Protocol numbers: SCU2003013 and SCU2203010). For all animal
experiments, 8-week-old male NOD/SCID mice (NOD/ShiLtJGpt-
Prkdce™26¢%52/Gpt, #T001492, GemPharmatech Co., Ltd, Jiangsu) were
used. The animals were maintained under standardized conditions
with the temperature (18-23 °C), humidity (50% +10%), and light (12 h
light/dark cycle) controlled, in individually ventilated cages always
with companion mice, and had free access to food and water.

Articular cartilage repair assays

The NOD/SCID mice were anesthetized with avertin (1.25% w/v 2,2,2-
tribromoethanol) at 20 pl/g (body weight). The working solution of
avertin was prepared by mixing 1.25 g of 2,2,2-tribromoethanol (Sigma-
Aldrich, Cat#T48402) with 2.5ml of 2-methyl-2-butanol (Sigma-
Aldrich, Cat#721123) and dissolving in 97.5ml of UP H,O. Subse-
quently, the skin of implantation sites was shaved and sterilized under
standard procedures. A 3 mm incision was made medial to the left
knee, and the femoral condyle was exposed by lateral dislocation of
the patella. A 0.5 mm wide and 1 mm depth focal defect was then made
on the articular surface of the distal femur or the medial tibial plateau
to reach the underlying subchondral bone. Subsequently, 2-3 day-4
chondroprogenitors were implanted in the defect site and were
secured by the blood from the subchondral area. After the patella was
repositioned, the muscle and skin were closed with 8-0 and 6-0 pro-
lene suture, respectively. The mice with defects but no cell implanta-
tion were prepared as sham controls.

Transplantation of SOX9" scl-progenitors under renal capsule
Day-4 SOX9' scl-progenitors were dissociated to single cells by TrypLE
and 5.0 x10° cells were suspended in CDMi supplemented with SAG
(200pM), LDN193189 (600nM) and Y27632 (10 uM) followed by cen-
trifugation at 300 x g for 6 min in the U-shaped ultra-low attachment
96-well plate for spheroid formation overnight. Before transplantation,
the spheroids were embedded in 10 pl of Collagen I-Matrigel mixture
(1:1) at 37 °C for 5 min for solidification. The Collagen I solution (2.4 mg/
ml) was prepared by adding 1 ml of MEM (10x, Gibco, Cat# 11430030)
to 8 ml of Type I Collagen stock (3 mg/ml, Bovine, Advanced Biomatrix,
Cat# 5005). After pH adjustment to 7.0 by 1M NaOH, the volume was
brought to 10 ml by DMEM (Gibco, Cat# 11965092).

For transplantation, 8-week NOD/SCID mice were anesthetized,
and the skin was disinfected as mentioned above. The spheroids were
then transplanted under the kidney capsule, and the grafts were col-
lected 8 weeks post-transplantation for histological evaluations.

Derivation of osteogenesis-committed early chondrocytes in
micromass culture

6 pl of MatriWS was first added on the central region of a 24-well plate
for pre-coating at 37 °C for at least 1h. 2 x10° SOX9" scl-progenitors
resuspended in 5l of CDMi containing SAG (200 nM), LDN193189
(600 nM), and Y27632 (10 pM) were seeded on the coated region and
were cultured for 30 min at 37 °C to adhere. Subsequently, an ade-
quate volume of medium mentioned above was added to cover the
cells. The next day, the medium was changed to the induction medium
formulated as CDMi containing SAG (200nM), BMP2 (100 ng/ml), and
1% v/v knockout serum replacement (KSR, Gibco, Cat#10828082) after
washing with the wash medium. The micromass was then cultured for
12 days with the induction medium refreshed daily.

Subcutaneous injection of micromass-derived early
chondrocytes

Each micromass was dissociated into single cells by Accutase and was
suspended in 70 pl of Matrigel. The skin was then tented using the tip
of the insulin syringe (BD, Cat#324903), and the cells were injected
into the subcutaneous site left to the midline of mice.

Histological section, evaluation, and immunostaining

For the frozen section, all the samples were fixed with 4% PFA over-
night and were dehydrated in 30% sucrose solution until sunk. The
knee joints were decalcified in 19% w/v EDTA (in PBS, pH =7.0) at RT for
24 h before dehydration. The dehydrated tissues were then embedded
with OCT (optimal cutting temperature, SAKURA, Cat#4583) and
placed at -80°C for 24 h. All the samples were sectioned at 6pum
thickness with the microtome cryostat (Leica M1950). Tissue sections
were stored at —20 °C before histological analysis.

For the paraffin section, the samples were fixed with 4% PFA
overnight and were dehydrated in a serial gradient of ethanol from 50%
to 100%. Also, the knee joints were decalcified before dehydration as
mentioned above. After tissue clearing in xylene, the samples were
embedded in paraffin overnight.

For the histological staining, sections were re-hydrated and
stained with H&E, Masson’s trichrome (Solarbio, Cat# G1346), and Oil
red (Solarbio, Cat# G1260) according to the manufacturer’s protocol.
Safranin O, Toluidine blue, and Alcian blue staining were conducted as
mentioned before.

For the RNAscope assay, the Probe-Mm-Pax9-C2 (ACDbio, Cat#
454321-C2) and Opal 690 Reagent (Asbio, Cat# ASOP690) were used
following the manufacturer’s protocols. All slides were examined
under Olympus VS200 after nuclear staining by DAPL.

For the immunofluorescent staining, antigen retrieval was con-
ducted after re-hydration, if necessary, followed by a double rinse in
PBS to remove the retrieval reagent. For intracellular antigens, the
sections were permeabilized with 0.3% Triton X-100 for 8 min. Then,
the sections were treated with blocking solution (5% BSA in PBS) at RT
for 1h and incubated overnight at 4 °C with primary antibodies diluted
in blocking solution. Secondary antibodies were stained at RT for 1 hr
protected from light and then washed three times with PBS before
being mounted with DAPI. All the sections were examined under Leica
TCS SP5II and Olympus VS200. Antibodies used are listed in Supple-
mentary Data 2.

For the immunostaining assays in the main figures, FACS analysis
was also performed to further confirm the presence of key cell types
(Supplementary Fig. 21). Representative images of negative control
(isotype IgG) were shown in Supplementary Fig. 22.

Comparative evaluation assays for osteogenesis-committed
early chondrocyte generation

Current protocol vs the reference method. Osteogenesis-
committed early chondrocyte induction using the current protocol
has been described above. For the reference method?, 2 x10° SOX9*
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scl-progenitors were seeded on MatriWS-coated plate in 20 pl base
chondrogenic medium (DMEM supplemented with 1% v/v ITS, 50 pg/
ml ascorbic acid, 40 pg/ml L-proline, 0.1 uM DEX) supplemented with
20 ng/ml bFGF to adhere at 37 °C for 30 min-1h. The micromass was
then covered by base chondrogenic medium supplemented with
TGFB3 (10 ng/pl) only and was maintained in the medium for 10 days
at which time the TGFp3 was replaced by 50 ng/ml BMP4 for the rest
of the experiments (2 days). All the differentiation was conducted in
the same time frame (12 days) for comparison by RT-qPCR.

hBMSCs differentiation by the current protocol. The hBMSCs were
differentiated by micromass using the current protocol following the
same procedure. The medium was refreshed every day. The samples
were harvested on day 12 for analysis by RT-qPCR.

Characterization of skeletal stem cells in micromass-derived
tissues

The micromass was generated from SOX9* scl-progenitors as men-
tioned above followed by subcutaneous injection to NOD/SCID mice.
The grafts were collected 8 weeks post-transplantation for either FACS
analysis or immunostaining. For FACS analysis, the grafts were dis-
sociated to single cells by Collagenase I and Collagenase Il mixture and
were stained by indicated reagent and antibodies (DAPI, CD235a, CD31,
TIE2, CD45, PDPN, CD146, CD73, CD164). The gating strategy was
carefully defined using Fluorescence Minus One (FMO) control. Anti-
bodies used are listed in Supplementary Data 2.

Tissue clearing for the imaging of immunostained micromass
The osteogenesis-committed early chondrocytes were generated
using SOX9' scl-progenitor on the confocal dish as mentioned above,
and the immunostaining was conducted with routine protocols. After
nuclear staining by Hoechst 33342, the cells were dehydrated in the
increasing gradient of 30%, 50%, 80%, and 100% ethanol for 5 min each.
After an extra 10 min dehydration in 100% ethanol, the cells were
cleared with a clearing solution containing 80% v/v ethyl cinnamate
(ECi) (Sigma, Cat# 112372) and 20% v/v polyethylene glycol (Sigma,
Cat# 447943) at RT for 10 min. For longer preservation, the samples
were immersed in the clearing solution at 4 °C until imaging with the
lid sealed by paraffin film. The imaging was conducted with Olympus
SpinSR10.

Construction of osteochondral fusions

The osteochondral fusions were constructed by the integration of
chondroprogenitors and osteogenesis-committed early chondrocytes.
The chondroprogenitors were first generated by pelleting 1 x 10° SOX9*
scl-progenitors suspended in CI medium supplemented with Y27632
(10 pM) in Ultra-low attachment 96-well plate and were cultured in CI
medium for 14 days for chondrogenic differentiation and maturation.
The osteogenesis-committed early chondrocytes were prepared as
mentioned above in micromass (12 days). For reconstitution, the
osteogenesis-committed early chondrocytes were first dissociated to
single cells by Accutase and resuspended using CI medium supple-
mented with 10 uM of Y27632 as 70 pl/micromass. Each micromass
suspension (70 pl) was then placed into the low attachment plate for
another round of centrifugation at 300 xg for 6 min. The day-14
chondroprogenitors were then fused with the pelleted osteogenesis-
committed early chondrocytes at 1:1 by centrifugation at 300 x g for
6 min. After being cultured overnight, the medium was changed to CI
medium without Y27632. The fusions were cultured in vitro for 7 days
in CI medium with the medium changed every 2 days before trans-
planted under the renal capsule of NOD/SCID mice. The osteogenesis-
committed early chondrocyte alone (osteo-spheroids) and chon-
droprogenitor alone (chondro-spheroids), were prepared as control
and were cultured in the CI medium for the same duration (7 days)
followed by transplantation.

Bulk-population RNA sequencing for cell-surface marker
screening

For bulk-population RNA-seq analysis, day-0 hPSCs were differentiated
to sclerotome using the traditional 6-day protocol (Supplementary
Fig. 2A), and total RNAs were extracted respectively from undiffer-
entiated human PSCs, sorted SOX9" scl-progenitors and SOX9 cells
using TRI Reagent. Library preparation and sequencing were per-
formed by Novogene Inc., Beijing. Raw data in FASTQ format were
obtained using the CASAVA 1.8.4 pipeline and were filtered to remove
the adapters and paired reads with N.A. bases of more than 10%. The
clean reads were then mapped to hgl9 using the HISAT2 software
(version 2.2.1). Read counts for each gene were based on sense-strand
data obtained using the featureCounts (version 2.0.1) software from
the Subread package. Transcripts per million (TPM) was used for the
normalization of gene expression levels accounting for both gene
length and sample variations"> Differential gene expression analysis
was conducted using edgeR'™ comparing the SOX9* scl-progenitors vs
SOX9 cells and SOX9' scl-progenitors vs hPSCs. For cell-surface marker
screening, the candidate list was obtained by setting the cutoff line as
log,(fold change)>1 and adjusted p-value < 0.05. Genes with TPM <50
in the SOX9" population and genes with TPM > 50 in SOX9 cells were
excluded. Moreover, genes with TPM >10 in hPSCs were further dis-
carded to remove any genes enriched in undifferentiated cells. Bulk-
population RNA-seq data have been submitted to the GEO database
(GSE222109).

Single-cell RNA sequencing

Derivation of the SOX9" scl-progenitors(cell hashing-based scRNA-seq):
Cell hashing using TotalSeq™ reagents enabled to run simultaneously
multiple samples in a single lane. Undifferentiated UCO1 hiPSCs, PS,
PSM, and SOX9" scl-progenitors derived by the current method
(Fig. 1A) were prepared as mentioned above and were dissociated into
single cells using Accutase. After being washed once with 5% BSA (in
PBS), the cells were filtered with a 40-um strainer followed by cell
counting. Then indicated number of cells was incubated with
TotalSeq™ antibodies using the manufacturer’s protocol. The undif-
ferentiationUCO1, PS, PSM, and SOX9" scl-progenitors were labeled by
TotalSeq™-A0251 anti-human Hashtag 1 (Biolegend, Cat# 394601),
TotalSeq™-A0252 anti-human Hashtag 2 (Biolegend, Cat# 394603),
TotalSeq™-A0253 anti-human Hashtag 3 (Biolegend, Cat# 394605) and
TotalSeq™-A0254 anti-human Hashtag 4 (Biolegend, Cat# 394607),
respectively.

After washing and resuspending in 0.4% BSA (in PBS), an equal
number of cells from each stage were combined for cell viability
assessment using Countess Il Automated Cell Counter (Thermo Fisher,
Cat# AMQAX1000). Library preparation and sequencing were per-
formed by Singleron Biotechnologies Inc, Nanjing using GEXSCOPE®
Single Cell RNA Library Kit for library construction.

Generation of the osteochondral fusions(10x Genomics-based sScCRNA-
seq): 4-week osteochondral fusion grafts were prepared for single-cell
RNA sequencing where three transplants were pooled as a single sample
to obtain enough cells. The host tissue (from kidney) was thoroughly
removed to prevent contamination. The grafts were then put into 0.4
WA, 4nsch units/ml of Liberase™ (Roche, Cat# 5401127001) digestion
medium and were cut into small pieces followed by incubation at 37 °C
for 15 min with shaking (150 rpm). The supernatant was then collected
into the wash buffer composed of DMEM/F12, 10% FBS, 1% pen-strep
after filtered by 70 um cell strainers. These steps were repeated for
several times until no large fragments could be found. After centrifuged
at 300 xg for 5min, the cells were treated with hemolysis reagents
(Cat# C3702-500ml, Beyotime) for 10 min at RT. Then the cells were
centrifuged again at 300 xg for S5min and were resuspended in the
wash buffer for another filtering using 40 pm strainers.

Library preparation was conducted using Chromium Single Cell 3’
Library & Single Cell 3’ v3 Gel Beads under manufacture’s instruction
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by Shanghai OE Biotech. Co., Ltd., and sequencing was performed with
Illumina Novaseq 6000.

Processing of scRNA-seq raw data
Cell hashing-based scRNA-seq: The CeleScope software was obtained
from Git Hub (https://github.com/singleron-RD/CeleScope). Align-
ment, filtering, barcode counting, and UMI counting were performed
with the CeleScope pipeline to generate a feature-barcode matrix and
determine clusters. scRNA-seq data have been submitted to the GEO
database (GSE232109).

10x Genomics-based scRNA-seq: The 10x Genomics data were
processed using Cell Ranger (ver. 7.1.0) for barcode counting and UMI
counting. The human and mouse reference genomes (Human
(GRCh38) and mouse (GRCm39) reference-20240A) were used for
sequence alignment. SCRNA-seq data have been submitted to the GEO
database (GSE275943).

Downstream analysis of the scRNA-seq data

Cell hashing-based scRNA-seq: quality control, t-SNE visualization of cell
clustering, reconstruction of differentiation trajectories, and gene
expression dynamics profiling: The feature-barcode matrix was pro-
cessed using R and Seurat v4.2.0 package. For the hashtag library,
signal-to-noise ratio (SNR) was defined as the ratio of the highest and
the second-highest UMI count value of hashtags for a certain cell. Cells
that have low UMI counts (highest UMI count less than 200) and low
SNR (SNR less than 20) were filtered out as multiplets and unde-
termined cells. The cells with mitochondrial gene content of more than
10% were further removed as low-quality cells. Subsequently, we fil-
tered out cells that have UMI counts (number of counts, nCounts) and
expressing genes (number of features, nFeatures) under the 10th
percentile among the total cells. The gene expression levels for each
cell were normalized by the sequencing depth, multiplying a default
size factor of 10,000, and then log-transformed. To reduce variance
introduced by cell cycle stages, Seurat’s function “ScaleData” was used
to regress out the effect with cell cycle markers extracted from the
Seurat database “cc.genes”. Next, dimensionality reduction and
visualization were performed using Seurat’s function “RunTSNE”
where the cells were colored by hashtags in a tSNE (t-Distributed
Stochastic Neighbor Embedding) plot.

For reconstruction of differentiation trajectories, datasets of cells
passed the quality control steps including UMI and SNR threshold for
hashtag library, mitochondrial gene filtering, nCount, and nFeature
threshold as mentioned above were converted into a Monocle object
using Monocle 2. To cluster and order the cells in an unsupervised
approach, the genes used were selected based on the level of
expression and variability across cells by using the “dispersionTable”
function to calculate the average expression and dispersion values of
each gene. Genes with a mean expression higher than 1 were selected
and the trajectories were visualized using the Monocle function
“plot_cell_trajectory”. Subsequently, the gene expression dynamics
across the trajectories were plotted using the “plot_genes_in_pseudo-
time” function to show the correct induction of stage-specific genes
during differentiation.

10x Genomics-based scRNA-seq: quality control, UMAP visualiza-
tion of cell clustering and integration of datasets: The feature-barcode
matrix was processed using Seurat v4.3.0 package. Quality control was
performed before subsequent downstream analysis. Cells with
expressing genes (number of features, nFeatures) less than 200 and
more than 7500, and with UMI counts (number of counts, nCounts)
less than 50,000 were removed. Cells with mitochondrial gene content
of more than 10% were further discarded as low-quality cells. The gene
expression levels for each cell were normalized by the sequencing
depth, multiplying a default size factor of 10,000, and then log-
transformed. Next, dimensionality reduction and clustering were
performed using “RunPCA”, “FindNeighbors” and “FindClusters” and

were visualized in a UMAP (Uniform Manifold Approximation and
Projection) plot by “RunUMAP”.

For comparison of our osteochondral fusion data to the published
PW8.0 embryonic long bone data (GSE143753), the cells carrying
mouse genes were first filtered by removing the cells with murine gene
content more than 0.2%. The datasets were then integrated using
“FindIntegrationAnchors” and “IntegrateData”. The integrated data
were then normalized using “ScaleData” followed by dimensionality
reduction and clustering using “RunPCA”, “FindNeighbors” and
“FindClusters” and were then visualized by “RunUMAP” with cells
colored by clusters.

Re-clustering of mouse organogenesis atlas

To test if /tga9 was expressed in primary sclerotome during mouse
development, single-cell RNA sequencing data on mouse embryonic
organogenesis was re-analyzed by dissecting the sclerotome popula-
tions present in the E10.5 embryo from the reference atlas’” and re-
clustered using non-linear dimensionality reduction algorithm to
visualize clusters on T-distributed Stochastic Neighbor Embedding (t-
SNE) plot. The sclerotome population was annotated using differen-
tially expressed genes.

Expansion culture of SOX9" scl-progenitors

SOX9" scl-progenitors were dissociated to single cells with Accutase.
After being washed once with wash medium, cells were seeded on
MatriWS-coated plates at 1x10° cells/cm? and cultured with CDMi
supplemented with SAG (200 nM), LDN19389 (600 nM), Y27632
(10 puM), bFGF (10 ng/ml), 1% v/v KSR, 5 mg/ml BSA for 3-5 days before
the next splitting. The medium was refreshed every day. (Note: the
optimal concentration of LDN193189 varied for different hPSC lines.
Cell death may occur when the concentration was too high. Optimi-
zation should be done when changing the lines).

Mechanical assessment of osteochondral fusions by
nanoindentation

To identify zonal mechanical properties of our polarized growth plate-
like structures, 4-week osteochondral fusions were collected for
mechanical testing by Nanoindenter (Bruker, Hysitron TI-950). The
tissues were stored at —80 °C until use and were cryo-sectioned cor-
onally to reflect a flat plane for indentation. The samples were fixed in
epoxy resin, polished with a soft cloth, and measured with a 10 pm-
diameter diamond, Berkovich tip (Bruker, Cat# TI0039; Young's
modulus, 1140 Gpa; Poisson’s ratio, 0.07). Indentations were made on
resting/proliferative zone (R/PZ), hypertrophic zone (HZ), and the
spongiosa bone using peak forces of 100 uN for R/PZ and HZ, and 10
mN for spongiosa bone, respectively. For R/PZ and HZ, the loading rate
was keeping constant at 20 puN/s for 5's, followed by 2 s of loading and
5s of unloading. For spongiosa bone, the loading rate was keeping
constant at 2mN/s for 5s, followed by 2s of loading and 5s of
unloading. The Young’'s modulus and hardness of the detected regions
were calculated with the Poisson’s ratio of 0.3 following the Oliver-
Pharr method®.

Bioluminescence imaging

AkaLuc-BsdR UCO01 (SOX9-tdTomato) hPSCs was constructed by co-
transfection of piggyBac transposase-expressing vector (pBase) and
the donor vector harboring EFI-Akaluc and PGK-EM7-BsdR cassette
between transposon-specific inverted terminal repeats (ITR) to the
parental UCO1 (SOX9-tdTomato hPSC) cells. Articular cartilage repair
assays were conducted using the Akaluc-BsdR cell-derived chon-
droprogenitors. Upon imaging, the mice we

Statistics and reproducibility
Statistical analysis was performed with SPSS 26.0 software. All data
were expressed as meanz+standard deviation (SD). The statistical
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method used for each dataset was described in the figure legend
respectively. p<0.05 was deemed statistically significant. Repre-
sentative images of SOX9" scl-progenitor characterization, expansion,
surface marker identification, and in vitro differentiation were
obtained from at least three independent experiments. Staining assays
for all tissue transplants, including cartilage repair and transplantation
of cells under the subcutaneous site or renal capsule, were performed
on samples from three or more independent procedures. RT-qPCR
experiments were conducted on six biologically independent samples.
And in other figures, the experiments were performed on three or
more independent differentiations.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All RNA sequencing data collected in this study have been deposited in
the NCBI Gene Expression Omnibus (GEO) (accession number
GSE222109 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE222109; GSE232109 https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE232109; GSE275943 https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE275943). We have also acquired published
RNA-seq datasets from previous studies, including human embryonic
long bones (PCWS8.0, GSEI43753), mouse organogenesis atlas
(GSE119945  [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE119945]) and hPSC-derived chondrocytes (GSE160787 [https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE160787]). All other
data generated in this study are provided in the Supplementary
Information and Source Data files. Source data are provided with
this paper.
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