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SUMMARY

Degenerative bone disorders have a significant impact on global health, and regeneration of articular cartilage remains a challenge. Ex-
isting cell therapies using mesenchymal stromal cells (MSCs) have shown limited efficacy, highlighting the necessity for alternative stem
cell sources. Here, we have identified and characterized MSX1" mesenchymal progenitor cells in the developing limb bud with remark-
able osteochondral-regenerative and microenvironment-adaptive capabilities. Single-cell sequencing further revealed the presence of
two major cell compositions within the MSX1* cells, where a distinct PDGFRA'®" subset retained the strongest osteochondral compe-
tency and could efficiently regenerate articular cartilage in vivo. Furthermore, a strategy was developed to generate MSX1*PDGFRA'*"
limb mesenchyme-like (LML) cells from human pluripotent stem cells that closely resembled their mouse counterparts, which were bi-
potential in vitro and could directly regenerate damaged cartilage in a mouse injury model. Together, our results indicated that
MSX1*PDGFRA'" LML cells might be a prominent stem cell source for human cartilage regeneration.

INTRODUCTION

Musculoskeletal conditions affect approximately 1.71
billion individuals and are the leading contributor to
pain and disability worldwide (Cieza et al., 2021). With
the aging population, the incidence of musculoskeletal
conditions has continued to rise, and joint disorders
such as osteoarthritis are most prevalent in people aged
65 years and older (Hunter et al, 2020; Long et al.,
2020). Articular cartilage in the joint has severely limited
capability to self-repair because of its distinct anatomy,
with chondrocytes encased in an extracellular matrix
composed of their secretions, such as collagens, proteogly-
cans, and other non-collagenous proteins, as well as the
absence of a regional blood supply or neural innervations
(Kwon et al., 2019). Thus, the majority of current clinical
interventions focus on symptom relief and disease man-
agement (Arden et al.,, 2021; Katz et al., 2021) and pro-
gression, and patients are often left with no alternative
options except surgery.

Cell-based therapies have been recognized as a promi-
nent approach to restoring damaged articular cartilage.
Currently, autologous chondrocyte implantation (ACI) is
the only US Food and Drug Administration (FDA)-
approved cellular treatment (Makris et al., 2015). Howev-
er, its practicality is limited by several risk factors, such as

donor site morbidity due to chondrocyte harvesting, peri-
osteal hypertrophy, surgery-related complications, and
age-related concerns (Harris et al., 2010; Madeira et al.,
2015). Meanwhile, other stem cells, including mesen-
chymal stromal cells (MSCs) from multiple sources (Le
et al., 2020; Liu et al., 2022; Madeira et al., 2015; McGona-
gle et al., 2017), skeletal stem cells (SSCs) (Murphy et al.,
2020; Ono et al., 2019; Serowoky et al., 2020), and neural
crest stem cells (NCSCs) (Achilleos and Trainor, 2012;
Dash and Trainor, 2020; Liu and Cheung, 2016), were
also being explored pre-clinically and clinically to
examine their potential use in cartilage regeneration.
Among these cells, MSCs were one of the most intensively
studied stem cells in cartilage regeneration, but the results
were often less encouraging, with a high incidence of
fibrosis tissue formation reported in a clinical trial using
endogenous bone marrow-derived MSCs (BM-MSCs)
(Steadman et al., 2003) and abnormal cartilage repair
observed in 76% patients when using exogenous ones
(Koh et al., 2014). One of the key issues for the use of
MSCs for cartilage regeneration is its lack of develop-
mental relevance to the joint chondrocytes. Even
for BM-MSCs, joint cartilage was already formed
when MSCs were harvested, indicating that MSCs and
cartilage chondrocytes were at distinct developmental
stages, despite MSCs’ capability to differentiate into
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chondrocytes in vitro. Thus, there is growing enthusiasm
to explore and test other more developmentally relevant
stem cell sources for cartilage regeneration.

During development, mammalian synovial joint carti-
lages were formed during the endochondral ossification
process of condensed mesenchymal cells in the osteochon-
dral primordium through interzone formation and joint
cavitation (Chijimatsu and Saito, 2019). The cell origin of
joint cartilage was typically derived from three lineages:
neural crest, sclerotome, and lateral plate mesoderm
(LPM) (Humphreys et al., 2022). Among them, mesen-
chymal progenitor cells from LPM give rise to all the appen-
dicular skeleton, such as the radius, humerus, femur, and
tibia (Prummel et al., 2020). In mice, the formation of
limb buds marks the initial development of the appendic-
ular skeleton, where an interplay of Wnt, Sonic hedgehog
(SHH), FGE, and retinoic acid (RA) signaling pathways de-
termines the further patterning and formation of limb
bones and cartilage (McQueen and Towers, 2020; Royle
et al., 2021). Interestingly, it was found that the transcrip-
tion factors Msx1 and Msx2 played critical roles in early
limb bud development (Bensoussan-Trigano et al., 2011;
Lallemand et al., 2005), and Msx1* mesenchymal progeni-
tors were the key mediator for digit tip regeneration (Le-
hoczky et al., 2011). Recent publication of single-cell anal-
ysis on developing limb bud also indicated Msx1, as well as
Lhx2 and Lhx9, marked the naive progenitor population
(Markman et al., 2023), suggesting that MSX1* cells might
be a potential cell source for osteochondral regeneration.
However, the regenerative capabilities of these cells were
not systematically investigated yet and neither was the
strategy to derive them from human pluripotent stem cells
(hPSCs) established.

In this study, we used a Msx in reporter
mouse model established previously (Hu et al., 2022) to
investigate the regenerative potential of limb-bud-derived
MSX1" mesenchymal cells across multiple developmental
stages and discovered that MSX1" progenitors from E10.5

1 P2A-tdTomato knock-

possessed remarkable osteochondral-regenerative and
microenvironment-adaptive capabilities. Single-cell RNA
sequencing (scRNA-seq) with fate mapping further revealed
that two major cell compositions were present in these cells,
where a distinct PDGFRA!Y subset retained the strongest os-
teochondral competency and could efficiently regenerate
articular cartilage in vivo. Furthermore, we developed a strat-
egy to generate MSX1*PDGFRA™ limb mesenchyme-like
(LML) cells from hPSCs that closely resemble their
mouse counterparts. These cells were bipotential in vitro
and able to directly regenerate damaged cartilage in a
mouse injury model. Together, our findings indicated that
MSX1*PDGFRA'" LML cells might be a prominent stem
cell source for human cartilage regeneration.

RESULTS

Primary MSX1" mesenchymal progenitors from limb
buds exhibited strong osteochondral-regenerative
capabilities

Previously, we constructed a Msx1"2A-4Tomato gnockin
mouse in which Msx1 expression was tracked through
P2A-mediated tdTomato expression (Hu et al., 2022).
The tdTomato expression was observed throughout early
limb development from embryonic day 10.5 (E10.5) to
E16.5 (hindlimb), where it was initially expressed broadly
across the limb bud primordium and gradually concen-
trated on interdigital and distal digit tip regions
(Figures 1A and S1A). To evaluate the developmental po-
tential of these cells, MSX1* cells were sorted by flow cy-
tometry from mouse hindlimb at various stages (E10.5,
E11.5, E13.5, E14.5, and E16.5) and transplanted into
renal capsules of the recipient mice (Figures 1B, 1C, and
S1B). Three weeks post-transplantation, large areas with
bone-like structures were formed in the transplanted re-
gions (Figures 1D, S1B, and S1C), especially for E10.5
MSX1* cells, which yielded the largest grafts and positive

Figure 1. Limb bud MSX1* mesenchymal progenitors exhibited strong bone regeneration capability
(A) Expression pattern of MSX1 (tdTomato) in primary hindlimbs of different developmental stages. Scale bars: 500 pm.

(B) Schematic illustration of limb bud MSX1* (tdTomato®) mesenchymal progenitor cells transplantation 7in vivo. MSX1* cells isolated from
the mouse primary hindlimbs (E10.5, E11.5, E13.5, E14.5, and E16.5 hindlimbs) were first dissociated into single cells and embedded in
collagen I for incubation overnight at 37°C. These cells were then transplanted into the kidney capsule of recipient C57BL6 WT mice.
Samples were harvested for analysis at three weeks post-transplantation.

(C) Isolation of E10.5 MSX1* limb bud mesenchymal progenitors by flow cytometry.

(D) Representative image of bone-like tissues formed by transplanted MSX1" cells under the kidney capsule. Samples were harvested at
three weeks post-transplantation. Scale bar: 1 mm.

(E) H&E, Masson, Alcian blue, and alizarin red staining confirmed the presence of collagen, proteoglycan, and calcium salts in the bone-
like tissues in MSX1* cell transplants. Scale bars: 250 um.

(F) Immunostaining of osteochondral markers in the regenerated bone-like tissues. Chondrocytes: SOX9 and COL II; osteoblasts: RUNX2
and SP7; neural lineage: NESTIN and S1008; vascular endothelial cells (VECs): CD31 and CD34; hematopoietic and stromal cells: SCA-1.
Scale bars: 25 pm (S0X9, COL II, RUNX2, and SP7) and 30 um (NESTIN, S1008, CD31, CD34, and SCA-1).
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Figure 2. Microenvironmental adaption of MSX1* mesenchymal progenitors enabled efficient articular cartilage regeneration
(A) Schematic illustration of limb-bud-derived MSX1™ (tdTomato*) mesenchymal progenitor cells transplantation in the articular cartilage
injury model. MSX1* cells isolated from E10.5 and E13.5 hindlimbs were embedded in collagen I for incubation overnight before being

(legend continued on next page)

402 Stem Cell Reports | Vol. 19 | 399—413 | March 12, 2024



staining for Masson, Alcian blue, and Alizarin red (Fig-
ure 1E), suggesting them at a more progenitor state. Im-
munostaining in the graft sections further revealed the
expression of various markers, including SOX9 and
collagen II (COL II) for chondrocyte and cartilage (Bi
et al., 1999; Lefebvre et al., 1997), RUNX2 and SP7 for os-
teoblasts (Franceschi and Xiao, 2003; Hojo et al., 2016),
NESTIN and S1008 for stromal (Bernal and Arranz,
2018) and neural cells (Carr and Johnston, 2017), and
vascular endothelial cell makers CD31 and CD34, as
well as hematopoietic stem cell (HSC) and stromal marker
SCA-1 (Tokoyoda et al., 2010; Wilson and Trumpp, 2006)
(Figure 1F). Co-localization of SCA-1 and CD34 indicated
the association between potential HSCs and endothelial
cells (Figure 1F).

To investigate whether the cells in the grafts were derived
from the transplanted ones, sorted MSX1* cells were trans-
planted in a ZsGreen reporter mouse, in which all the host
cells were labeled as ZsGreen* (Figure S1D). Indeed, most
regions of the MSX1* graft were ZsGreen™~ (Figure S1E). Im-
munostaining of bone, cartilage, neural, and vascular
markers further confirmed that most bone and cartilage sig-
nals were from MSX1* cells, while ~25%-35% of neural
and vascular ones were from the host (Figures S1F and
S1G). Moreover, quantitative analysis of the grafts from
different MSX1* cell transplants revealed that MSX1* cells
from E10.5 limb buds had the highest regenerative capabil-
ities (Figure S2). Together, these data indicated that MSX1*
mesenchymal progenitor cells from the developing limb
bud possessed strong osteochondral induction potential
and could regenerate bone/cartilage-like tissues efficiently
upon transplantation.

Limb-bud-derived MSX1" mesenchymal progenitors
could directly repair defects in the joint cartilage

To investigate if the limb-bud-derived mesenchymal pro-
genitors were able to respond to microenvironmental
cues and directly regenerate cartilage without prior induc-
tion for chondrocyte lineage commitment, MSX1" cells
from E10.5 and 13.5 limb buds were sorted using fluores-

cence-activated cell sorting (FACS) and transplanted in a
joint injury mouse model with 0.8 mm diameter critical
sized articular cartilage damage (Figures 2A and 2B) (Fitz-
gerald et al., 2008). In comparison, besides sham control,
MSCs isolated from compact bones were also included
(Zhu et al., 2010). The expression of MSC markers as well
as their osteochondral differentiation capacities were
confirmed before use (Figure S3). Interestingly, three weeks
post-transplantation, both E10.5 and E13.5 cells showed
remarkable regenerative capabilities to repair the defect
sites and form hyaline cartilage. However, the thickness
of the cartilage layer was greater in the E10.5 group
(Figures 2C and 2D). Histological analysis with Alcian
blue staining and COL II immunostaining further
confirmed the cartilage formation (Figure 2C). In contrast,
the MSC and sham groups exhibited incomplete repair and
formed fibrotic tissues but no cartilage (Figure 2C). To
verify that the regenerated cartilage was derived directly
from the transplanted MSX1* cells but not any host cells re-
cruited to the damaged site, the experiments were repeated
in the H11-ZsGreen transgenic mice, in which host cells
would be visualized as ZsGreen®. Indeed, the regenerated
hyaline cartilages were completely derived from the trans-
planted MSX1* cells but not the host (Figure 2E).

Together, these data suggested that the primary limb-
bud-derived MSX1* mesenchymal progenitors were highly
adaptive to the local microenvironment, and upon trans-
plantation in the joint region, could directly regenerate hy-
aline cartilage without recruitment of host cells.

scRNA-seq analysis revealed the osteochondral
potential of limb-bud-derived MSX1*PDGFRAY
progenitors

To investigate what cell populations within the developing
limb buds might retain the osteochondral differentiation
capabilities, single-cell transcriptome analysis was per-
formed using E10.5 mouse limb buds (Figure 3A). Cluster
analysis with UMAP (uniform manifold approximation
and projection) identified seven cell subgroups, each with
unique gene expression features (Figures 3B and 3C).

transplanted into the femoral defect sites of recipient mice. Samples were harvested for analysis at three weeks post-transplantation.
Transplantation of MSCs was used for comparison. Animals transplanted with collagen matrix only were used as the sham control.

(B) Isolation of MSX1* mesenchymal progenitors by flow cytometry.

(C) MSX1* mesenchymal progenitors could efficiently regenerate articular cartilage at the injury site. Representative pictures of two
samples with bright-field (BF; white dashed line) and H&E (black dashed line) tissue morphology are shown. Alcian blue and COL IT staining
were used to detect cartilage formation. Scale bars: 1 mm (BF) and 200 um (H&E, Alcian blue, and COL II).

(D) Quantitative analysis of cartilage repair efficiency in defect sites. The results confirmed that E10.5 MSX1* cells had the most efficient
regenerative potential. Error bars represent data from twelve sections of six mice from three independent experiments (mean + SD).
Statistics: one-way ANOVA followed by Tamhane’s T2 post hoc multiple comparisons using SPSS version 22.0. **p < 0.01 and ***p<0.001.
(E) Regenerated articular cartilage was derived from transplanted MSX1* cells. Cells were transplanted in ZsGreen-expressing hosts to verify
the cell origin of regenerated cartilage tissues. Immunofluorescence images showing repaired cartilage tissues were ZsGreen negative.
Scale bars: 100 pm.
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Among them, Msx1 expression was detected in clusters 1, 2,
and 3 (Figure 3B). Clusters 1 and 2 were further defined as
LPM and limb mesenchyme (LM), respectively, on the basis
of their marker expression (Gata6, Pdgfra, and Handl in
cluster 1; Lhx2, Lhx9, and Duspé6 in cluster 2) (Figure 3C).
Cluster 3 was defined as the apical ectodermal ridge
(AER), as it expressed Epcam, Wnt6, and Fgf8 (Figure 3C).
Pseudotime analysis of mesenchymal cells, identified
through Prrx2 and Twist-1 expression (Figure S4A), revealed
a differentiation path from LPM to LM (Figures S4B-D),
suggesting that LPM cells were at a more progenitor state
in development. As LPM was positive for Pdgfra expression,
which was also a surface marker (Figure 3C), we separated
the limb-bud-derived MSX1" cells into three groups,
PDGFRA"8" PDGFRA™U ™ and PDGFRA!®Y (Figure 3D)
and using FACS to enrich each cell population (Figure 3E).
qRT-PCR analysis further confirmed correct cell sorting and
demonstrated that MSX1*PDGFRA™E" cells were highly
enriched with LPM markers such as Foxfl, Handl, and
Is11, while MSX1*PDGFRA!®Y cells were enriched with LM
ones such as Lhx2 and Lhx9 (Figure 3F).

To evaluate the osteochondral competence of the
sorted cells, in vitro differentiation assays for osteogenesis
and chondrogenesis were carried out using sorted
PDGFRA™&", PDGFRA™ "™ and PDGFRA'" MSX1* cells.
The results demonstrated that the MSX1*PDGFRA!®" cells
retained the highest potential for both types of differentia-
tion, as evidenced by the formation of more osteoblastic
and cartilaginous nodules compared with the other two
cells (Figures 3G and 3H). Renal capsule transplantation
experiments further confirmed these findings, where

MSX1*PDGFRA'" cells gave rise to the largest bone-like tis-
sues, while tissues formed by MSX1*PDGFRAMSE" cells were
the smallest (Figure S4E). It was further supported by quan-
titative measurement of the regenerated bone-like tissues
(Figure S4F). To evaluate if the MSX1"PDGFRA™ cells
were also microenvironment adaptive, sorted cells were
transplanted directly in the joint detect sites in the injury
mouse model. Indeed, the cells exhibited remarkable carti-
lage regenerative potential, even without prior induction
of chondrocyte lineage commitment (Figures 31 and 3]),
and the regenerated cartilage was still maintained after
8 weeks (Figures S4G and S4H). Thus, these results indi-
cated that among the primary cells derived from the devel-
oping limb buds, MSX1*PDGFRA'Y cells were the key pro-
genitors that retained high osteochondral potential and
could adapt to the local microenvironment and regenerate
hyaline cartilage efficiently.

Stepwise induction of MSX1*PDGFRA'" LML cells
from hPSCs

To test if the developmental trajectory and cell compositions
were conserved between human and mouse limb buds, we
reanalyzed scRNA-seq data from human embryos at 5 weeks
post-conception (WPC) (Heetal., 2021). Hindlimb cells were
identified through specific markers expressed at this stage,
including Pdgfra and Sox9 (Xi et al., 2020), as well as Thx4
(Ranganath et al., 2020) (Figure SSA). LPM and LM cells
within the hindlimb populations and AER cells were further
identified through their marker expression (LPM: PDGFRA™
COL1A2'COL3AT"TSHZ2"; LM: LHX2"HOXC10"HMMR*
MKI67"; AER: EPCAM'FGFS8'DLX5'KRTS8") (Figure SS5B).

Figure 3. A distinct PDGFRA'" subset retained the osteochondral competency of MSX1* mesenchymal progenitors

(A) Schematic diagram showing scRNA-seq analysis of E10.5 limb bud MSX1™ (tdTomato*) mesenchymal progenitor cells.

(B) Seven cell clusters were identified from scRNA-seq analysis (UMAP plots). Expression of Msx1 and Pdgfra are shown.

(C) Specific marker expression of different cell clusters. Cluster 1: lateral plate mesoderm (LPM); cluster 2: limb mesenchyme (LM); cluster

3: apical ectodermal ridge (AER).

(D) Schematic diagram of MSX1* cell sorting and characterization strategy.

(E) Isolation of MSX1* subpopulations by cell sorting. Left: flow cytometry analysis of MSX1" cells from E10.5 embryos. Middle and right:
gating strategy to isolate PDGFRA-expressing cells.

(F) gRT-PCR analysis of marker gene expressions for LPM (Foxf1, Hand1, Pdgfra, and Is(1) and LM (Lhx2 and Lhx9) in sorted cells. Error bars
represent data from four independent experiments with triplicates.

(G) Confirmation of the osteochondral competency of MSX1*PDGFRA'" subpopulation in vitro. Differentiated cells from the sorted subsets
were stained with alizarin red for osteogenic (left) and Alcian blue for chondrogenic lineages (right). Scale bars: 100 pum.

(H) Quantitative analysis of the differentiated mineralized matrix and cartilaginous nodes by sorted cells. MSX1*PDGFRA'" cells formed
the largest area of the mineralized matrix and the highest number of cartilage nodes. Error bars represent data from six samples of three
independent experiments (mean + SD). Statistics: one-way ANOVA followed by Tamhane’s T2 (mineralized matrix) and Tukey (cartilaginous
nodes) post hoc multiple comparisons using SPSS version 22.0. ***p < 0.001.

(I) MSX1*PDGFRA" cells could efficiently regenerate articular cartilage in vivo. Representative images of 3 week samples are shown. Alcian
blue and COL IT staining (black dashed line) were used to detect cartilage formation. Scale bars: 1 mm (BF) and 200 pm (H&E, Alcian blue,
and COL II).

(J) Quantitative analysis of cartilage repair in the defect sites at 3 weeks. Error bars represent data from twelve sections of six mice in three
independent experiments (mean + SD). Statistics: one-way ANOVA followed by Tukey post hoc multiple comparisons using SPSS version
22.0. ***p < 0.001.
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Pseudotime trajectory analysis indeed confirmed that similar
developmental paths from LPM to LM were conserved in hu-
man cells as well (Figures SS5C and S5D). Previously, it was re-
ported that AER played a crucial role in the induction of LM
in mouse limbs (Street et al., 2018). Therefore, we analyzed
the ligand-receptor signals between the LM and AER cells.
CellChat analysis (Jin et al., 2021) revealed that Wnts and
FGFs were the main stimulating signals from AER to LM cells
(Figure S5E), suggesting that the derivation of human LML
cells from hPSCs might also require such signals.

To mimic human limb bud development in vitro and
derive LML cells, a MSX1:P2A-tdTomato knockin hPSC cell
line was first established by using CRISPR-Cas9 (Figure S6A)
and confirmed by Sanger sequencing (Figure S6B). Immu-
nostaining of OCT4 and SOX2 further confirmed the self-
renewal state of the knock-in cell line (Figure S6C). To
induce LML cells, hPSCs were first differentiated toward
mid-primitive streak (MPS) by a cocktail of activin A,
CHIR99021 (CHIR), FGF2, and BMP4 and then further
induced to an intermediated state by CHIR and BMP4
only for three days before final differentiation using either
CHIR99021 to activate Wnt signaling or FGFs (FGF2 or
FGF8+10) to stimulate FGF signaling (Figure 4A). As limb
bud development is a three-dimensional (3D) process char-
acterized by distinct patterning along the proximal-distal
(P-D), anterior-posterior (A-P), and dorsal-ventral (D-V)
axes (Huangfu et al., 2008), we compared the effects of
both traditional 2D culture and 3D culture using spheroid
formation. After 8 days of differentiation, cells in all the
treatment groups displayed various degrees of MSX1/
tdTomato expression (Figure S6D). gqRT-PCR analysis of
marker genes for LPM (, PDGFRA, COL1A2, and TSHZ2),
LM (LHX2 and HOXC9), and general mesenchymal makers
such as HANDZ2 and PRRX1, as well as the hindlimb-specific
marker TBX4, all confirmed that 3D spheroid culture ex-
hibited stronger gene expression induction and the
FGF8+10 group was the highest (Figure S6E). The presence
of MSX1*PDGFRA* and MSX1*PDGFRA'" cells was also
evaluated by flow cytometry, where 3D-cultured FGF8+10
treated cells, together with mock control, were chosen for

further characterization because of robust differentiation
of both MSX1*PDGFRA* and MSX1*PDGFRA'" cells
(Figures 4B and S6F).

MSX1*PDGFRA* and MSX1* PDGFRA 'V cells were sepa-
rated by FACS and the expression of LPM and LM markers
were analyzed using qRT-PCR (Figure 4C). For all
the LM markers (LHX2, HOXC10, HMMR, and MKI67),
MSX1*PDGFRA'Y cells from the FGF8+10 treated group
exhibited stronger induction during differentiation than
mock control (Figure 4C). Transcriptome analysis by
RNA-seq comparing FGF8+10 and mock-derived cells
turther indicated that the cells were at distinct states and
FGF8+10 treatment promoted the cells to differentiate to-
ward a LML profile (Figures 4D and 4E). Together, our re-
sults indicated that by using 3D spheroid culture with
FGF8+10 cytokine stimulation, hPSCs could be induced
step by step to acquire LML state, and MSX1*PDGFRA'"
LML cells could be readily derived from such differentia-
tion strategy.

Direct regeneration of joint hyaline cartilage by hPSC-
derived MSX1*PDGFRA'" LML cells

To evaluate the developmental potential and cartilage
repair abilities of differentiated LPM-like and LML
cells, we conducted both in vitro and in vivo differentia-
tion assays using hPSC-derived MSX1*PDGFRA™ and
MSX1*PDGFRAY cells from the 3D-FGF8+10 group (Fig-
ure 5A). Indeed, compared with MSX1*PDGFRA™ cells,
MSX1*PDGFRA'" LML cells exhibited stronger differen-
tiation capabilities in both osteogenic and chondrogenic
differentiation in vitro (Figure 5B), which were also sup-
ported by the quantitative measurement of the regener-
ated calcified matrix and chondrospheres (Figure 5C).
We then transplanted both cells into a joint cartilage
defect model and found that MSX1*PDGFRA"Y cells
were also highly microenvironment adaptive, similar to
their mouse counterparts, and could directly regenerate
articular hyaline cartilage in vivo (Figure 5D). Quantifica-
tion of the cartilage also confirmed the enhanced
regeneration competency of MSX1*PDGFRA!®™ cells

Figure 4. Induction of MSX1*PDGFRA"Y limb mesenchyme-like cells from human pluripotent stem cells
(A) Schematic illustration of the strategy for stepwise induction of MSX1* cells from human pluripotent stem cells (hPSCs).
(B) FACS analysis confirmed the induction of MSX1*PDGFRA* LPM-like and MSX1*PDGFRA'™" LM-like cells from 3D-cultured MSx172A-eTomato

hPSCs with FGF8+10 and mock treatments.

(C) qRT-PCR analysis confirmed the stronger induction of LM markers in the FGF8+10 treated cells. LPM makers: PDGFRA, COL1A2, COL3A1,
and TSHZ2. LM markers: LHX2, HOXC10, HMMR, and MKI67. Error bars represent data from three independent experiments with triplicates.
Statistics: independent-sample t test using SPSS version 22.0. **p < 0.01 and ***p < 0.001.

(D) Principal component (PC) analysis of bulk RNA-seq data from hPSC-derived MSX1*PDGFRA'®" and MSX1*PDGFRA* cells. FGF8+10-treated

cells were compared with mock control.

(E) Heatmaps of marker gene expression in FGF8+10 treated cells compared with mock control. The range of transcriptional expression is
illustrated by a color change as depicted on the extreme right of the figure (dark red correlates to high expression, whereas light blue

correlates to low expression).
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(Figure 5E). Immunostaining of human nuclear protein
KUB8O0 indicated that the repairment was not due to the
recruitment of the host cells but by the transplanted cells
themselves (Figure 5F). In addition, the regenerated carti-
lage was still maintained after 8 weeks post-transplanta-
tion (Figures 5G and SH).

Thus, these results indicated that the hPSC-derived
MSX1*PDGFRA™ LML cells retained osteochondral bio-
potency and were highly microenvironment adaptive
that could regenerate joint articular cartilage without prior
induction of chondrocyte fate commitment.

DISCUSSION

Stem cell-based therapy holds great promise for cartilage
regeneration, but identifying suitable seed cells remains
a challenge. In the present study, we investigated the os-
teochondral potential of MSX1" mesenchymal progeni-
tors isolated from the developing mouse limb buds. Kid-
ney capsule transplantation and animal injury model
repairment assays confirmed that these cells retained
remarkable osteochondral differentiation capabilities and
could adapt to the joint microenvironment and regen-
erate hyaline cartilage without prior lineage induction.
scRNA-seq and pseudotime analysis revealed the develop-
mental trajectory of LPM to LM, where Pdgfra expression
was a marker to separate the two populations. Subsequent
characterization of LPM (MSX1*PDGFRAM") and LM
(MSX1*PDGFRA!®) cells further discovered that LM cells
retained the strongest osteochondral potential, suggesting
them as a promising cell source for cartilage repair. To
derive LML cells from hPSCs, we developed a protocol

with 3D culture and a combination of FGF8 and FGF10
to promote lineage commitment toward LM. Indeed,
hPSC-derived MSX1*PDGFRA™ LML cells exhibited
robust osteochondral competency in vitro and could also
adapt to the joint microenvironment and directly regen-
erate damaged cartilage in vivo. Therefore, our work high-
lighted the potential of MSX1*PDGFRA'Y LML cells as a
promising cell source for hyaline cartilage regeneration
(Figure 6).

Although MSCs have been widely studied for cartilage
repair, their heterogeneity and limited expansion pose
challenges to clinical translation. In contrast, hPSCs offer
a potentially unlimited source of cells with the ability to
differentiate into various lineages. Recent studies have
shown that allogeneic primate iPSC-derived organoids eli-
cited a minimal immune reaction in repairing articular
cartilage defects (Abe et al., 2023), suggesting that hPSC-
derived cells might be a viable option for cartilage repair.
To identify the proper cell source, our initial research
focused on early limb buds, which possessed the potential
to develop into a complete limb and could regenerate oste-
oblasts, chondroblasts, and neural and endothelial cells. In
addition, mouse limb bud cells demonstrated superior
cartilage repair effects compared with compact bone-
derived MSCs. More importantly, we were able to establish
a differentiation strategy to derive MSX1*PDGFRA®" LML
cells from hPSCs and provide evidence that these cells were
like their mouse counterparts in retaining the osteochon-
dral potential.

Finally, it is worth noting that our differentiation strategy
would also need further improvement, as the differentia-
tion efficiency is limited currently. In addition to that,
although hPSC-derived MSX1*PDGFRA" cells exhibited

Figure 5. MSX1*PDGFRA'"" LM-like cells exhibited strong osteochondral competence
(A) Schematic illustration for the strategy to characterize the osteochondral competence of hPSC-derived LM-like cells.

(B) Confirmation of osteogenic and chondrogenic capability of LPM- and LM-like cells in vitro. Stronger staining of alizarin red and Alcian
blue was seen in LM-like cells (MSX1*PDGFRA'®") in comparison with LPM-like ones (MSX1*PDGFRA*), suggesting the enhanced os-
teochondral potential of the LM-like cells. Scale bars: 100 pm.

(C) Quantitative analysis of the alizarin red (top) and Alcian blue (bottom) staining. Msx1*PDGFRA™" cells had better potential to form
more mineralized matrix and larger chondrospheres. Top: error bars represent data from six samples in three independent experiments
(mean + SD). Bottom: error bars represent data from twelve chondrospheres from three independent experiments (mean + SD). Statistics:
independent-sample t test using SPSS version 22.0. ***p < 0.001.

(D) Efficient regeneration of articular cartilage by LM-like cells in vivo. Representative images are shown. Alcian blue and COL II staining
(black dashed line) were used to detect cartilage formation. Scale bars: 250 pum.

(E) Quantitative analysis of the regenerated cartilage. Alcian blue staining was performed in 3 week samples. Error bars represent data from
twelve samples of three independent experiments (mean + SD). Statistics: independent-sample t test using SPSS version 22.0.
*%%p < 0.001.

(F) Confirmation of human origin in the transplanted cells. Representative images of KU80 immunostaining (white dashed line) in the
articular cartilage defect sites are shown. Scale bars: 250 pum.

(G) Repaired articular cartilages were maintained after 8 weeks. Alcian blue and COL II staining (black dashed line) were used to detect
cartilage formation. Scale bars: 250 pm.

(H) Quantitative analysis of the regenerated cartilage. Error bars represent data from twelve samples of three independent experiments
(mean + SD). Statistics: independent-sample t test using SPSS version 22.0. ***p < 0.001.
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Figure 6. Illustrative model for limb mesenchyme-like cells as a promising stem cell source for cartilage regeneration

An important MSX1*PDGFRA" cell subpopulation was identified from mouse E10.5 hindlimb; these cells were remarkably osteochondral
competent, were microenvironment adaptive, and could directly regenerate articular cartilage. A stepwise protocol was then developed to
derive such cells from hPSCs, which is a promising approach for human cartilage regeneration.

upregulated expression of LM enriched signature genes
when compared with MSX1"PDGFRA" counterparts, they
did have differences from mouse primary limb mesen-
chymal cells. One such difference was that for mouse pri-
mary MSX1*PDGFRA'®Y cells, their signature gene expres-
sions were much stronger (usually 30- to 60-fold higher
than MSX1*PDGRFRAMS" cells) and thus generally ex-
hibited stronger osteochondral potential. This suggested
that the differentiation protocol of hPSC to LM required
further optimization. For example, AER cells are known
to play critical roles in LM development by providing
many inductive signals. Other signals secreted by AER be-
sides FGF8+10 might have synergistic effects on LM deriva-
tion from hPSCs. Therefore, further investigations were
warranted by combining those signals to derive more
matured LML cells. Although our work was ongoing, it
was reported that Prrx1* limb bud-like mesenchymal cells
were derived from hPSCs as well (Yamada et al., 2021),
which exhibited the potential to form hyaline cartilagi-
nous-like tissues in vitro and in vivo. However, these cells
were induced by activating WNT but inhibiting BMP,
TGF-B, and HH signaling, while in our case the cells were
responsive to FGF8+10 induction, suggesting that the
MSX1*PDFGRA™ cells reported here might be more
physiologically relevant. Meanwhile, both studies did sup-
port that LML cells derived from hPSCs could serve as a
promising stem cell source for cartilage regeneration in
humans.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Zhonghan Li (Zhonghan.Li@scu.edu.cn).

Materials availability

The materials included in this study are available upon reasonable
request to the lead contact.

DATA AND CODE AVAILABILITY

The datasets generated in the present study are available
from the lead contact upon reasonable request. The acces-
sion number for the scRNA-seq data reported in this paper
is GEO: GSE232586.

Mouse strains and animal care

All animal experiments were approved by the Institutional
Animal Care and Use Committee at the College of Life Sci-
ences, Sichuan University. All animals were maintained un-
der standardized conditions with the temperature and light
controlled (25°C, 12 h light/dark cycle), in individually
ventilated cages, and had free access to food and water.
Knockin C57BL6-Msx1"24-4Tomato mice and H11-ZsGreen
mice were custom generated by Biocytogen, Inc. (Beijing,
China). Mouse offspring from these strains were
routinely genotyped using standard PCR protocols.


mailto:Zhonghan.Li@scu.edu.cn

C57BL6 wild-type (WT) mice and NOD-SCID mice were
purchased from GemPharmatech Co., Ltd. (Chengdu,
China). C57BL6 WT mice were used as recipients for renal
subcapsular and articular cartilage transplantation of
mouse MSX1™ cells, while NOD-SCID mice were used as re-
cipients for articular cartilage transplantation of differenti-
ated human LPM- and LML cells.

Single-cell preparation and scRNA sequencing of E10.5
MSX1* cells
About 20 hindlimb buds were dissected from E10.5
Msx1P2AtdTomate mice These limb buds were dissociated
into single cells first and resuspended in PBS with 1%
BSA. The sorted MSX1* cells were both counted and
adjusted to the concentration of about 1 x 10°/mL. Then
the suspension was centrifuged at 550 X g for 5 min at
4°C and repeated twice. Cells were counted and cell
viability was confirmed by Countess II Automated Cell
Counter (catalog #AMQAX1000; Thermo Fisher Scientific).
Samples were then used for scRNA-seq with the 10X Geno-
mics system (library preparation and sequencing were per-
formed by Berry Genomics Inc., Beijing, China).

Other experimental procedures can be found in supple-
mental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2024.02.001.
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