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Chondrocytes and osteoblasts differentiated from induced pluripotent stem cells
(iPSCs) will provide insights into skeletal development and genetic skeletal disorders
and will generate cells for regenerative medicine applications. Here, we describe a
method that directs iPSC-derived sclerotome to chondroprogenitors in 3D pellet
culture then to articular chondrocytes or, alternatively, along the growth plate carti-
lage pathway to become hypertrophic chondrocytes that can transition to osteoblasts.
Osteogenic organoids deposit and mineralize a collagen I extracellular matrix (ECM),
mirroring in vivo endochondral bone formation. We have identified gene expression
signatures at key developmental stages including chondrocyte maturation, hypertro-
phy, and transition to osteoblasts and show that this system can be used to model
genetic cartilage and bone disorders.

cartilage | bone | iPSC | genetic skeletal disorder

Genetic skeletal disorders are a significant disease burden, but there are few effective
treatments. An in vitro disease model system in which all the steps in endochondral car-
tilage maturation and bone formation are faithfully recapitulated would contribute to our
quest for a better understanding of the molecular pathology and the search for therapeutic
options. A model system that can do this does not currently exist.

Endochondral bone development begins when mesenchymal precursors condense and
form a cartilage template (anlagen) which then undergoes an ordered transition to bone.
Complex temporal and spatial regulatory circuits direct chondrocytes, the cartilage cells,
to differentiate, proliferate, and mature (1-4). From the cartilage anlagen, chondrocytes
are directed down two general pathways. Chondrocytes at the developing joint surfaces
form a distinct population of articular chondrocytes which produce the permanent artic-
ular cartilages. Articular chondrocytes synthesize the characteristic extracellular compo-
nents of cartilage, collagen II, and aggrecan, and a specific repertoire and stoichiometry
of cartilage extracellular matrix (ECM) components that endow articular cartilage with
the specialized properties that provide resilience to repetitive mechanical loading.

Embryonic chondrocytes can also follow a developmental pathway to form growth
plate cartilage that drives longitudinal bone growth. Chondrocytes entering this pathway
sequentially mature producing the morphologically distinct growth plate zones: resting,
proliferative and hypertrophic. Resting and proliferative zone chondrocytes produce an
abundant cartilage ECM containing collagen II, aggrecan, and other cartilage proteins,
subtly, but functionally distinct to articular cartilage. Following the proliferative phase,
chondrocytes enter hypertrophy where they begin to express the hypertrophic
chondrocyte-specific network-forming collagen X. Hypertrophic chondrocytes regulate
growth plate remodeling and mineralization by secreting matrix metalloproteinases and
proangiogenic factors to promote vascular invasion. While vascular invasion was thought
to be key in bringing in osteoprogenitors and signaling perichondrium-derived osteopro-
genitors to migrate, mature, and replace the hypertrophic cartilage with mineralized bone,
it is now clear that terminal hypertrophic chondrocytes can transdifferentiate to osteoblasts
and, indeed, can also generate the stromal and adipocyte elements of the forming bone
marrow (4-9). Thus, chondrocytes in the cartilage growth plate have, when provided with
the correct temporal and spatial regulatory circuitry, the plasticity to undergo all the key
steps in cartilage formation and transition to functional bone.

Differentiation of human pluripotent stem cells (hPSCs) provides a unique platform to
study human development. However, to model the genesis of complex tissues and diseases,
the developmental circuitry underpinning lineage-specific differentiation must be under-
stood. In the human embryo, cartilage and bone develop from mesenchymal condensations
derived from lateral plate mesoderm (the source of the appendicular skeleton), paraxial
mesoderm (axial skeleton), and cranial neural crest ectomesoderm (craniofacial skeleton),

PNAS 2023 Vol.120 No.19 2211510120

https://doi.org/10.1073/pnas.2211510120

Significance

We present a method to
recapitulate endochondral bone
formation, the process through
which long bones develop and
grow, in cell culture. Our method
begins with induced pluripotent
stem cells (iPSCs) and produces
uniform cartilage that
progressively matures, mirroring
development. Hypertrophic
chondrocytes can transition to
osteoblasts in our culture
system, and we provide detailed
analysis of the gene expression
profile and changes during
maturation to support this claim.
Our method can be used to
interrogate cartilage
differentiation and development,
including chondrocyte transition
to osteoblasts, model genetic
cartilage and bone disorders, and
search for therapies.
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each of which is uniquely specified (10-12). A number of meth-
odologies have been used to differentiate pluripotent stem cells
in vitro to chondrocytes (reviewed in ref. 13). These initially differ-
entiated hPSCs to PDGFRa+ primitive streak mesoderm, which
was then directed to form SOX9+ cartilage precursors, passing via
cither lateral plate or paraxial mesoderm intermediates. These pro-
tocols utilized growth factors involved in embryonic axial pattern-
ing including WNT, BMPs, NODAL/activin A, and FGFs. At the
paraxial mesoderm stage, articular chondrogenesis was induced
with a combination of BMP and TGF-p (14—18). More recent
iterations (19-21) used combinations of small-molecule growth
factor agonists and inhibitors to specify paraxial mesoderm which
was then directed to the presomitic mesoderm and sclerotome of
the ventral somite, the precursor to axial skeleton cartilage and
bone (reviewed in ref. 12). Blocking BMP at the paraxial mesoderm
stage followed by augmenting HEDGEHOG signaling resulted in
a rapid and robust method that generated sclerotome in vitro (21).
Recent studies of chondrocyte pellets differentiated from scler-
otome precursors reveal a core of chondrocytes surrounded by a
layer of noncartilage tissue expressing COLIAI (22, 23). These
protocols aimed to derive articular chondrocytes for regenerative
medicine rather than recapitulating bone formation from a hyper-
trophic cartilage precursor.

Here, we describe an in vitro method that reproduces the cell
differentiation and maturation events that occur during endo-
chondral ossification, the process responsible for long bone for-
mation. We show our method produces pure cartilage organoids
that can be directed to either an articular phenotype or to growth
plate cartilage that matures to hypertrophy. Hypertrophic chon-
drocytes can transition in vitro to osteoblasts that synthesize
bone-specific ECM molecules and mineralize this ECM. Our
protocol provides a way to explore human skeletal development
in vitro and to model genetic skeletal disorders to identify path-
ogenic mechanisms and test drug therapies.

Results

A Reproducible iPSC Differentiation Method to Produce Growth
Plate or Articular Cartilage Organoids. During development,
vertebral and rib cartilage and bone are generated from the ventral
somite (sclerotome). To recapitulate this process in vitro, we based
the first 6 d of our iPSC differentiation protocol (Fig. 14) on a
previously described method that generates sclerotome from iPSCs
with high efficiency (21). We monitored the expression of stage-
specific markers and saw the pluripotency marker OC74 gradually
down-regulated, and the primitive streak, paraxial mesoderm,
somitic mesoderm, and sclerotome markers, MIXLI, MSGNI,
MEQXI, and PAXI, respectively, up- and down-regulated at the
appropriate developmental stages (S Appendix, Fig. S1A). To
promote sclerotome to chondrocyte differentiation, day 4 cells
were formed into high-density pellets, a configuration known to
favor maintenance of the chondrocyte phenotype ex-vivo. We
compared supplementing postsclerotome pellets with 20 ng/
mL BMP4 as used previously (21, 22), or 20 ng/mL FGF2 for
14 d followed by extended culture without additional growth
factors. FGF2-treated pellets showed strong toluidine blue
staining throughout at day 48, reflecting the presence of ECM
proteoglycans typical for cartilage, and uniform cartilage collagen
IT and X immunostaining, while BMP4-treated pellets were much
smaller and only isolated areas were toluidine blue and collagen
IT and X positive (SI Appendix, Fig. S1B). Differentiation was
more uniform in iPSC lines adapted to feeder-free conditions
(81 Appendix, Fig. S1C). Subsequent differentiation experiments
all used feeder-free iPSCs, included pellet culture from the end
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of day 4, and supplemented with 20 ng/mL FGF2 for 14 to 28 d
post sclerotome.

Since chondrocytes respond to biomechanical stimuli, and fluid
flow-induced shear stress can promote chondrogenesis (24, 25),
we explored whether introducing shear stress would influence
chondrocyte differentiation. We compared pellets in static culture
with those transferred to rotary orbital culture at days 6, 13, 20,
and 27. At day 48, pellets that were transferred to rotary culture
at day 6 retained a layer of noncartilage cells on the outside, while
pellets from all the other conditions contained only cartilage tissue
(SI Appendix, Fig. S1D). Pellets that were in rotary culture from
day 13, day 20, and day 27 had enlarged chondrocytes that
expressed collagen X, key characteristics of hypertrophic chon-
drocytes (8] Appendix, Fig. S1D). This finding was replicated in a
second iPSC line (SI Appendix, Fig. S1E). The need for early
extended static pellet culture for efficient sclerotome-to-chondrocyte
transition is consistent with previous observations that mesenchy-
mal stem cells differentiate to chondrocytes more efficiently in
hypoxic conditions (26-28), and there is a low oxygen environ-
ment in pellet cultures (29). However, hypoxia inhibits chondro-
cyte hypertrophy and collagen X expression (30), and this is
consistent with faster progression to hypertrophy in pellets that
experience initial static/hypoxic culture but are then transferred
to rotary culture in a larger medium volume with constant move-
ment and aeration. These data indicate that transferring pellets to
rotary culture in the day 13 to 20 window accelerates chondrocyte
maturation and the timing of this transfer can be used to control
how quickly the chondrocytes become hypertrophic. To differen-
tiate this chondrogenic rotary culture format from traditional
static pellet culture, we have named these chondrogenic organoids
“chondronoids.”

Cell lineage tracing experiments show that articular and growth
plate chondrocytes are derived from common mesenchymal pre-
cursors and that a specific fate decision to form articular chondro-
cytes occurs in early chondrocytes (31-33). To investigate the
capacity of our system to generate articular chondrocytes, we treated
iPSC-derived chondroprogenitors with TGF-3 (17, 22, 23)
for 5 wk starting at day 13. At day 48, we saw profound differences
in cell morphology and gene expression between TGFf3-treated
and -untreated chondronoids. Untreated D48 chondronoids con-
tained large chondrocytes strongly expressing collagens I and X
but not PRG4 (lubricin), an articular chondrocyte marker
(81 Appendix, Fig. S1F). In contrast, TGF-p3-treated chondrocytes
were smaller; they did not express collagen X but were positive for
collagen II and PRG4, consistent with an articular chondrocyte
identity (SI Appendix, Fig. S1F).

The primary roles of permanent articular cartilage are
weight-bearing and facilitating joint articulation, whereas tran-
sient growth plate cartilage drives longitudinal bone growth
through endochondral ossification. These different functions are
reflected in their ECM composition. Thus, we compared the gene
expression profile of day 48 chondronoids that had been treated
with TGF-p3 to promote articular cartilage development with
untreated chondronoids which had progressed toward chondro-
cyte hypertrophy, a prelude to bone formation. Canonical cartilage
components COL2A1, COMP, COL9A1, COLI9A2, COLIA3,
and COL11A1 were highly expressed in both TGFp3-treated and
-untreated chondronoids (SI Appendix, Fig. S1 G and H). In con-
trast, many core matrisome (34) genes were strongly up-regulated
in TGF-B3-treated compared to untreated chondronoids. These
included the sentinel articular cartilage marker, PRG4, articular
cartilage proteins POSTN, ASPN, COL1AI, COL1IA2, COL3A1,
CILP, and CILP2, and MFAP4, a protein associated with elastic
fibers (S Appendix, Fig.S1 G and H). Other elastic fiber
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Fig. 1. Directed iPSC differentiation to skeletal cells. (A) Schematic showing the differentiation stages from iPSCs to articular and hypertrophic chondrocytes and
then toward osteoblasts. Differentiation to sclerotome in the first 6 d includes aggregating monolayer cells into pellets at day 4. Culture medium and conditions
are shown below and above the timeline and culture formats are illustrated at the bottom. (B) Chondronoids spontaneously mature toward hypertrophy, and
hypertrophy can be enhanced with T3. Toluidine blue-stained sections (MCRIi019-A) at days 48 and 69. Some chondronoids were treated with T3 for 3 wk before
harvesting at day 69. Scale bar is 500 pm. Immunostaining shows that the chondronoids contain an extensive collagen Il-rich ECM throughout the time course.
Collagen X is not apparent at day 48 but has been deposited into the ECM by day 69. (Scale bar is 200 pm.) (C) TEM at day 52 showing a typical chondrocyte and
an extensive network of collagen Il fibrils in the ECM. (D) Changes in mRNA abundance of selected cartilage, hypertrophic cartilage, and bone proteins. N = 3
independent differentiation experiments. (£) Most highly expressed core matrisome genes. Those not reaching the statistical threshold for differential expression
(adj.P.value < 0.05) in at least one of the comparisons are indicated with a red asterisk in D and E.

component genes such as ELN, LTBP2, TGFBI, and MFAP5 were  related to cartilage hypertrophy and endochondral ossification,
highly up-regulated (S Appendix, Fig. S1H), consistent with an such as COL10A1, IBSP, SPP1, and MATN3, were among the
articular cartilage phenotype (35). Importantly, ECM proteins ~ most down-regulated in chondronoids differentiated toward
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articular cartilage with TGF-B3 (8] Appendix, Fig. S1H). Other
changes consistent with an articular cartilage ECM included
downregulation of ACAN and the associated link protein HAPLN
(SI Appendix, Fig. S1H).

Articular cartilage-associated transcription factors (TFs) were
up-regulated in response to TGF-P3 treatment. Specifically, ERG,
a TF enriched in articular cartilage (36) and critical for articular
cartilage maintenance (37), was highly expressed and up-regulated
in TGF-p3-treated chondronoids (S7 Appendix, Fig. S1 I and J).
Transcription factor genes ELK3, ERF, TRPS1, PLAGLI,
MEQOXI, and MEOX2 were highly expressed and/or highly
up-regulated in our TGFP3-treated dataset (S7 Appendix, Fig. S1
I and /). These genes are all expressed in somites (38) or skeletal
tissues (39-42) and ERF (40), TRPSI (41), and PLAGLI1 (43)
play important roles in growth plate and skeletal development,
but their roles in articular cartilage development have not been
elucidated.

Triiodothyronine (T3) is crucial for terminal chondrocyte hyper-
trophy and transdifferentiation into osteoblasts in the developing
mouse secondary ossification center (44). Given spontaneous
hypertrophy had been observed in previous experiments, we exam-
ined whether treating chondronoids with T3 from day 48 to 69
was able to promote uniform and synchronous hypertrophy. At
day 48, untreated chondronoids stained homogeneously with tolu-
idine blue and contained an extensive proteoglycan and collagen
[I-rich ECM (Fig. 1B and SI Appendix, Fig. S2A). Electron micros-
copy analysis of day 52 chondronoids (Fig. 1C) revealed long, thin,
randomly orientated cartilage collagen fibrils in the ECM, charac-
teristic of cartilage. By day 69, untreated chondronoids comprised
enlarged chondrocytes and an ECM containing abundant collagen
X indicative of hypertrophy (Fig. 1B and SI Appendix, Fig. S2A).
Although T3-treated chondronoids appeared morphologically sim-
ilar to their untreated counterparts at day 69, transcriptional pro-
filing revealed substantial T3-stimulated gene expression changes.
While early hypertrophic cartilage markers such as COLI0AI,
[HH, MEF2C, and SPPI were not changed by T3 (Fig. 1D and
SI Appendix, Fig. S2B), T3 increased the expression of late hyper-
trophic cartilage markers including SP7, VEGFA, DMP1, HIFI1A,
MMPI3, and ALPL and decreased the expression of canonical
cartilage genes such as COL2A1, COL9AI, COL11AI, SOX9,
SOX6, and SOX5.

To further explore the developmental accuracy of iPSC-derived
chondrocyte maturation in vitro, we examined our RNA-Seq data
at days 48, 69, and day 69+T3 for expression of core matrisome
genes (34). Cartilage collagens (COL2A1, COL11A1, COL9AI,
COL9A2, and COL9A3) were highly expressed over this differ-
entiation time span (Fig. 1 Eand ST Appendix, Fig. S2C). Likewise,
other key cartilage ECM molecules including aggrecan (ACAN),
HAPLNI, and matrilins (MATNI, MATN3) were strongly
expressed throughout this developmental sequence. The hyper-
trophy marker, COLI0AI, was up-regulated in the untreated day
69 samples, whereas sentinel cartilage genes down-regulated by
T3 at day 69 included COL11A1, COL9A1, COL9A2, COLIA3,
EPYC, MATNI, LUM, COMPR and EDIL3 (Fig. 1E and
SI Appendix, Fig. S2C), potentially anticipating their transition
to osteoblasts.

Skeletal ontogeny is orchestrated by complex TF circuitry that is
regulated temporally and spatially to coordinate cell fate decisions
with tissue morphogenesis. Examination of global TF expression
(45) during chondrocyte differentiation in vitro indicated that many
displayed an expression profile that mirrored their regulation during
skeletal development and maturation (87 Appendix, Fig. S2D). For
example, the master transcriptional mediator of the adaptive response
to hypoxia, HIFIA (HIFla), and EPASI (HIF2x), a regulator of

40f12 https://doi.org/10.1073/pnas.2211510120

VEGEF expression, were up-regulated with hypertrophy (S7 Appendix,
Fig. S2D). Similarly, paralleling the regulation of their counterparts
in vivo, the transition to hypertrophy in vitro is marked by upregu-
lation of SP7 (osterix), RARG (retinoic acid receptor) (46), and
MEF2C, the last of which is also important for endochondral differ-
entiation of mesenchymal progenitor cells (47). Likewise, upregula-
tion of CEBPB (C/EBPp) during hypertrophy in vitro is consistent
with its suggested role in suppressing early chondrocyte differentia-
tion and stimulating hypertrophic markers (48). Conversely, SOX5
and SOXG6, part of the SOX9/SOX5/SOX6 master chondrogenic trio,
were coordinately down-regulated (S7 Appendix, Fig. S2D) along
with SOX9 (Fig. 1D and SI Appendix, Fig. S2B) in response to T3
treatment.

We also identified TFs with less well-recognized roles in cartilage
development that were strongly up- or down-regulated with hyper-
trophy (81 Appendix, Fig. S2 D-F). Up-regulated TFs included
ETS1, STAT3, DDIT3 and members of the KLF family (KLF2,
KLF5, and KLF10). Also up-regulated during maturation were TFs
associated with the circadian rhythm pathway, NFIL3, NRIDI,
BHLHE41, ARNTL, CLOCK, NPAS2, NR1D2, DBR and RORA.
TFs with poorly described roles in chondrogenesis and chondrocyte
maturation that are potentially important during skeletal develop-
ment, DLX3 and CXXC5, as well as TFs with recently described
roles in skeletal development, /RX3 and /RX5 (49, 50), were also
up-regulated in our growth plate chondronoids.

Our iPSC-chondrocyte differentiation protocol reliably pro-
duced ~2.5 to 3 mm diameter organoids (S Appendix, Fig. S3A)
comprising uniform cartilage without evidence for contaminating
noncartilage tissue (S Appendix, Fig. S3B). To further demon-
strate the reproducibility of our differentiation protocol, we com-
pared the transcriptome in three independent differentiations of
two iPSC lines. At D48, there were no differentially expressed
genes, at D69, 156 genes were differentially expressed (1% of the
transcriptome, Adj.P.val < 0.05), and in T3-treated D69 samples,
there were 669 differentially expressed genes (4% of the transcrip-
tome) (SI Appendix, Fig. S4A). Principal component analysis
revealed that the largest contributors to variance were the differ-
entiation time and treatment, PC1 and PC2, respectively, account-
ing for 69% of the variance (SI Appendix, Fig. S4 B-D). PC3,
contributing 7.3% of the variance, reflects differences between
the iPSC lines (S Appendix, Fig. S4 B and D). Thus, while the
data show that the trajectory of chondrogenic differentiation and
maturation is reproducible, at later development stages (D69) and
hypertrophy (D69 +13), there could be small transcriptome dif-
ferences that would need to be accounted for in experimental
development or disease models.

iPSC-Derived Hypertrophic Chondrocytes Can Transition to
Osteoblasts and Osteocytes In Vivo and In Vitro. Endochondral
ossification was long thought to involve hypertrophic
chondrocyte cell death, followed by cartilage remodeling and
vascular invasion. However, it has now become clear that an
alternative pathway exists whereby hypertrophic chondrocytes
transdifferentiate to osteoblasts (5, 8). To test whether our iPSC-
derived chondrocytes could transition to osteoblasts in vivo, we
transplanted hypertrophic chondronoids (D42) subcutaneously
into immunodeficient mice. The resultant grafts were harvested
after 13 wk and analyzed by immunohistochemistry. This revealed
that implants contained some residual cartilage with characteristic
hypertrophic chondrocytes embedded in the cartilage ECM.
Significantly, however, much of the implant formed histologically
recognizable bone (Fig. 24) that was mineralized (S/ Appendix,
Fig. S5A4) and, like in vivo mouse bone, expressed the osteoblast/
osteocyte proteins BGLAP (osteocalcin) and SOST (sclerostin)
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(SI Appendix, Fig. S5 B—E). Staining with a human-specific Ku80
antibody showed that both cartilage and bone in the implant
were derived from human cells (Fig. 24 and SI Appendix,
Fig. S6), suggesting that the in vitro differentiated hypertrophic
chondrocytes transitioned into osteoblasts when provided with
signaling cues in vivo.

We then tested whether culture conditions supporting osteogen-
esis (52) would permit chondrocyte-to-osteoblast transition in vitro.
After 3 wk in osteogenic medium, transcriptional profiling revealed
that cartilage collagen II (COL2AI) and aggrecan (ACAN) were
strongly down-regulated and hallmark osteoblast genes COLIAI,
BGLAP, SPP1, and DMPI, and the osteocyte marker gene SOST,
were strongly up-regulated (Fig. 2B). Collagen I, the major collagen
type in bone, and BGLAP (osteocalcin), a mature osteoblast protein,
were deposited into the ECM (Fig. 2C). Cells also expressed the
mature osteocyte protein SOST consistent with osteoblast to oste-
ocyte maturation (Fig. 2C). Further, microcomputed tomography
(microCT) analysis confirmed extensive mineral deposition in the
organoids, suggesting transition to a bone-like state (Fig. 2C).
Importantly, our results show that prior T3 treatment to drive chon-
drocyte terminal hypertrophy is essential for optimal transition to
bone-like organoids (SI Appendix, Fig. S7A).

Osteoblasts and osteocytes express a characteristic set of genes
encoding ECM  proteins that includes collagens COLIAI,
COLIA2, COL3A1, COL5AI, and COL5A2; osteocalcin
(BGLAP); proteoglycans, BGN, DCN, KERA, and ASPN; glyco-
proteins, SPARC and THBS1; and SIBLING proteins, /BSP, SPPI,
DMP1I, and MEPE (53). Many of these are among the most highly
expressed and most highly up-regulated core matrisome genes in
osteogenic conditions (Fig. 3 A and B). We identified the 50 most
highly expressed core matrisome genes in mouse osteocytes in vivo
(51) and found that 40 were more highly expressed in osteogenic
organoids than in hypertrophic chondrocytes and those most
highly expressed invivo were also highly expressed in vitro
(Figs. 2D and 3A). This pattern of gene expression changes was
similar in experiments using chondronoids derived from a second
iPSC line which had been induced to transition to osteoblasts
(81 Appendix, Fig. S7 B-D).

To provide further support for an invitro hypertrophic
chondrocyte-to-osteoblast/osteocyte transition, we examined the
gene expression profile of cells generated during this stage of our
differentiation protocol for markers that define osteoblast precur-
sor, osteoblast, and more mature osteoblast cell clusters in
single-cell RNA-Seq analysis of cells isolated from mouse bone
(54). Osteoblast precursor markers did not differ greatly between
T3-treated hypertrophic chondrocytes and osteogenic organoids
(Fig. 3C). In contrast, many osteoblast and mature osteoblast
markers were highly up-regulated under osteogenic conditions.
For example, POSTN, TNC, CCDC3, FAP and SFRP4 were
up-regulated 3-21 fold in osteogenic organoids when compared
to hypertrophic chondrocytes. The mature osteoblast markers
COLI1AI, COLIA2, BGLAP, IBSP, DMP1, and IFITM5 were
similarly highly up-regulated under osteogenic conditions and
were some of the most highly expressed marker genes in our data-
set (Fig. 3C). These gene expression data are consistent with
T3-treated hypertrophic chondrocytes transitioning to osteoblasts
under osteogenic conditions in vitro.

We next examined the expression of 20 genes that mark hyper-
trophic chondrocyte, preosteoblast, and osteoblast cell clusters during
mouse invivo transdifferentiation and skeletal development (5).
Under osteogenic conditions in vitro, gene expression patterns closely
followed those identified during transdifferentiation of chondrocytes
during mouse development (Fig. 3D), with concordant upregulation
of osteogenic genes and downregulation of hypertrophic chondrocyte
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markers. Twelve of 13 well-characterized osteogenic TFs (55) were
more highly expressed in osteogenic conditions than in hypertrophic
chondrocytes (Fig. 3E). The reproducibility of this result was con-
firmed in osteogenic experiments using a second independent iPSC
line (SI Appendix, Fig. S7 E-G).

These gene expression data indicate that our in vitro
chondrocyte-to-osteoblast transition protocol recapitulates known
key aspects of osteoblast development in vivo and thus presents
an opportunity to further understand how hypertrophic
chondrocyte-to-osteoblast transition is regulated. The 20 most
highly expressed TFs under osteogenic conditions include 11 with
known roles in osteoblast differentiation or bone development,
SP7, MEF2A, ATF4, NFE2L1, VDR, HIFIA, XBPl, EGRI,
CREB3LI1, DLX3, and SKIL (Fig. 3E) (55-62). Other highly
expressed TFs such as YBX1, HMGN3, HMGAI, MAZ, CREB3,
SON, TRAFDI1, ELK3, and DRAPI have yet to be implicated in
osteoblast differentiation. Similarly, the 20 most highly
up-regulated TFs (Fig. 3G) include many with known roles in
osteoblasts and bone, PRRXI, SATB2, RARB, TBX2, MAFB,
PRRX2, TWISTI, FOS, JUNB, ZHX3 (55, 63-68), but others
such as EGR3, CENPX, SNAI2, and ELK3 have as yet unknown
osteogenic roles. Similar TF gene expression patterns were seen in
experiments using a second independent iPSC line (S/ Appendix,
Fig. S7 H and 1).

Modeling Human Skeletal Disorders. We then examined the
feasibility of using our iPSC differentiation protocol to model
genetic skeletal disorders. Compared to an isogenic control,
cartilage derived from iPSCs with a heterozygous COL2A1
p-G1113C mutation that causes hypochondrogenesis (69) had
less collagen 11 in the ECM and was comprised of chondrocytes
with strong intracellular collagen II staining, reflecting collagen
misfolding and retention (Fig. 4A). The collagen fibrils in
the ECM were disorganized and sparse (Fig. 4B), appearing
similar to collagen II fibrils in human patient cartilage (70)
and mice with Co/241 mutations (71, 72). When iPSCs with
a perinatal lethal osteogenesis imperfecta mutation, COLIA1
p-W1312C (73, 74), were differentiated to chondrocytes and
then osteoblasts, collagen I staining in the ECM was less intense
than that in the isogenic control (Fig. 4C), mirroring the reduced
collagen I deposited by fibroblasts from this patient (74). The
patient’s long bones displayed an osteogenesis maturation
defect, with persistent cartilage in the cortical bone and only a
thin layer of overlying osteoid more typical of early embryonic
bone (75). Tellingly, osteogenic organoids derived from iPSCs
carrying this mutation were unable to deposit mineral that
could be detected with microCT (Fig. 4 D-F), consistent
with the in vivo osteogenesis maturation defect. This ability to
reproduce key features of these COLIAI and COL2A]1 skeletal
disease phenotypes in vitro promises to facilitate detailed studies
describing disease mechanisms, identifying therapeutic targets,
and screening for novel drug treatments for patients.

Discussion

To model human skeletal development and facilitate identifying
the pathogenic mechanisms that result from disease-causing muta-
tions, we have developed an iPSC differentiation protocol that
follows normal mesoderm developmental pathways to sequentially
produce sclerotome, then chondrocyte progenitors before branching
to either articular chondrocytes, or chondrocytes that mature to
hypertrophic chondrocytes and transition to osteoblasts producing
a mineralized ECM. Our protocol thus recapitulates the key steps
in growth plate development and endochondral ossification in vitro.
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Fig.2. Hypertrophic chondrocytes can transition to osteoblasts. (A) Transdifferentiation in vivo. The iPSC line MCRIi001-A-BFP was differentiated to cartilage and then
treated with 10 nM T3 for 7 d from day 35. At day 42, hypertrophic chondronoids were implanted subcutaneously into immunocompromised mice and harvested after
13 wk. Implants were decalcified and then sectioned and stained with safranin O for cartilage proteoglycans and fast green to highlight bone. Scale bar on left-hand
image is 1000 pm. The box shows the region enlarged in the middle image. The image on the right shows the same region from an adjacent section immunostained
with a human-specific Ku80 antibody. Scale bars on middle and right images are 100 pm. (B) Hypertrophic chondrocyte-to-osteoblast transition in vitro. From day
38, MCRIi018-B chondronoids were treated with 10 nM T3 for 14 d (T3) and then transferred to osteogenic medium for a further 3 wk (OC). Abundance (RPKM) of
mMRNA for cartilage genes COL2AT and ACAN declines, and mRNA for osteoblast/osteocyte genes COL1ATBGLAPSPP1 DMP1, and SOST is significantly more abundant
in osteogenic organoids. (C) Immunostaining shows collagen | and BGLAP deposited in the ECM in osteogenic organoids. Cells also express the mature osteocyte
marker SOST (Scale bar is 200 pm.). The osteogenic organoid ECM is mineralized [microCT, (Scale bar is 500 um.), color scale indicates mineral structure size].
(D) The 50 most highly expressed core matrisome genes in osteocytes isolated from mouse tibia (51) and their relative average expression in iPSC-derived hypertrophic
chondronoids (T3) and osteogenic organoids (OC). N = 4 parallel differentiations. The 18 most highly expressed genes in vivo are highlighted in pink for comparison.
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Fig. 3. Transcriptome changes during chondrocyte-to-osteoblast transition in vitro are consistent with in vivo skeletal development. (A) The most highly
expressed core matrisome genes after 3 wk in osteogenic conditions (OC) (MCRIi018-B) and their relative expression in hypertrophic cartilage (T3). (B) The 20
most up-regulated and 20 most down-regulated core matrisome genes in osteogenic conditions vs hypertrophic cartilage. (C) Expression of the top transcripts
that correspond to osteoblast precursor, osteoblast, and mature osteoblast clusters in scRNAseq of cells isolated from mouse calvaria (54) during in vitro
transdifferentiation. Bubble plots show logFC and adj.P.value during in vitro chondrocyte-to-osteoblast transition. (D) Expression of genes that mark skeletal cell
subpopulations in scRNAseq of in vivo mouse transdifferentiation (5) during in vitro chondrocyte-to-osteoblast transition. (£) Expression of TFs known to regulate
osteoblast differentiation (55) during in vitro chondrocyte-to-osteoblast transition. N = 4 parallel differentiations. (F) The most highly expressed transcription
factor genes after 3 wk in osteogenic conditions (OC) and their relative expression in hypertrophic cartilage (T3). (G) The 20 most up-regulated and 20 most
down-regulated transcription factor genes in osteogenic conditions vs hypertrophic cartilage.

We have documented global gene expression and identified unique  is known about in vivo gene expression and can provide insights
gene expression patterns for ECM genes and TFs at differencdevel-  into how cartilage development and endochondral bone growth are
opmental stages in vitro. These gene expression patterns mirror what  regulated.
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Our iPSC-chondrocyte differentiation method has several
advantages over current methods (see ref. 13 for a detailed review).
It is relatively simple, uses defined media, and produces uniform
cartilage organoids without requiring an intermediate flow sorting
step. Our protocol includes cartilage pellet formation at the end of
day 4, during the transition of somitic mesoderm to sclerotome,
providing cells with the 3D structure essential to maintain their
phenotype (76). Introducing fluid shear stress with rotary orbital
culture accelerates chondrogenic differentiation and maturation
and simplifies medium changes. We saw no evidence from histology
or transcriptomics of off-target cell types such as melanocytes and
neural cells that occur when BMP4 is used to stimulate chondro-
progenitors postsclerotome (23). While these off-target cell types
can be suppressed by inhibiting WNT and melanocyte-inducing
transcription factor signaling, inhibiting WNT signaling prevents
chondrocyte hypertrophy (23), a major disadvantage for modeling
endochondral ossification.

After the sclerotome stage, an FGF2 pulse and prolonged cul-
ture supplemented with TGF-B3 produce articular chondrocytes
that express the sentinel articular cartilage marker PRG4 as well

https://doi.org/10.1073/pnas.2211510120

as a range of other articular cartilage ECM genes such as CILP,
ASPN, COL1A1, COL3A1, and elastic fiber components.

The alternative postsclerotome cell fate, growth plate hyper-
trophic chondrocytes, can be induced with an FGF2 pulse followed
by culture in our chondrogenic basal medium. Some hypertrophic
markers such as COL10A1, RUNX2, SPP1, SP7, MMP13, [HH,
and MEF2C are up-regulated with spontaneous hypertrophy and
are therefore likely to be early hypertrophy markers, while others
including ALPL, FOSL2, VEGFA, BMP7, and DMPI are only
up-regulated after stimulation with T3 (triiodothyronine). T3
down-regulates the chondrogenic TFs SOX9/SOX5/SOX6 and
cartilage matrisome genes COL9AI, COMPE and MATNI. In
mouse skeletal development, T3 is required to promote hypertro-
phy around the tibial secondary ossification centers and allows
hypertrophic chondrocyte-to-osteoblast transition (44). Others
have used T3 to promote hypertrophy in iPSC chondrocyte differ-
entiation (77); however, that protocol did not follow normal post-
sclerotome developmental pathways and included sequential and
overlapping dexamethasone, PDGE, TGEF-p3, BMP4, T3, and

B-glycerophosphate addition. Gene expression data show that our

pnas.org



differentiation program from chondroprogenitors to chondrocytes
and chondrocyte hypertrophy follows the expected matrisome and
transcription factor expression patterns during growth plate mat-
uration. This gives us confidence that our system can be used to
identify important players in these processes and explore the con-
sequences of perturbing normal gene expression.

We identified dynamic gene expression changes in circadian
rhythm genes and JRX3/IRX5, consistent with their roles in chon-
drocyte differentiation and skeletal development, highlighting the
developmental relevance of our differentiation protocol. The
chondrocyte-intrinsic circadian clock is essential to maintain artic-
ular cartilage structure and integrity (78), and many studies show
that the chondrocyte circadian clock is dysregulated in osteoar-
thritis (79). The circadian clock is also important in early chon-
drogenesis, and synchronizing the clock with daily cyclic
mechanical load (80) or serum shock (81) enhances cartilage ECM
production. Our transcriptome data showing that circadian
rthythm TFs are up-regulated as chondrocytes mature to hyper-
trophy are consistent with an emerging role for the circadian clock
in the growth plate illustrated using a cartilage-specific Arntl
(BMAL1) knockout in mouse (82). Deleting this core circadian
rhythm gene led to a smaller proliferative zone, an enlarged hyper-
trophic zone, and reduced postnatal long bone growth (82).
Similarly, Iroquois homeobox genes /RX3 and IRX5 were
up-regulated in our hypertrophic chondrocytes. Human /RX5
mutations cause Hamamy syndrome, a recessive disorder with
severe skeletal defects (83), and in the mouse, IRX3 and IRXS are
up-regulated in hypertrophic chondrocytes and are critical in the
hypertrophic chondrocyte-to-osteoblast transition (50).

Stimulating in vitro hypertrophic chondrocyte transition to
osteoblasts is an important and significant advance that will
enhance our understanding of this fundamental pathway and
allow in vitro bone disease modeling. The gene expression changes
during this in vitro transition mirror the documented changes
during in vivo hypertrophic chondrocyte to osteoblast transdiffer-
entiation in mice (5), and expression in osteoblast lineage cells in
mouse bone (54). For example, the osteocyte transcriptome genes
most enriched in mouse bone osteocytes are Dmp 1 and Mepe (51).
These, along with the highly osteocyte-enriched Sosz (51), are sim-
ilarly highly enriched and highly expressed in our human osteo-
blast/osteocyte organoids.

Our iPSC—chondrocyte—osteocyte differentiation protocol could
be further improved. Chondrocyte differentiation could be
enhanced and/or the time to hypertrophy shortened if compressive
mechanical forces were incorporated into the protocol. Cyclic com-
pression of chondroprogenitors for 1 h a day entrains the circadian
clock, increases cartilage marker gene expression, and enhances
cartilage ECM production (80). Osteocytes also sense and respond
to mechanical forces and conversely, bone is rapidly lost when not
under load (84). This suggests that applying mechanical forces dur-
ing the osteogenic induction phase could also be beneficial.
Extending the osteogenic differentiation beyond 3 wk would allow
further time to remodel the cartilage ECM and enhance deposition
and organization of the bone-like ECM and thus likely improve the
model. Blood vessel invasion into the hypertrophic cartilage in vivo
brings in signals to promote osteogenesis, and so we used serum in
the osteogenic medium. Defining the growth factors and signaling
molecules critical for the hypertrophic chondrocyte-to-osteoblast
transition would be a significant advance and allow the entire dif-
ferentiation protocol to be done in defined medium suitable for
producing cells/tissues for regenerative medicine.

Our protocol provides a way to explore human skeletal devel-
opment in vitro and to model genetic skeletal disorders to identify
pathogenic mechanisms and test drug therapies. Key pathogenic

PNAS 2023 Vol.120 No.19 2211510120

features of the collagen II disorder, hypochondrogenesis, and the
collagen I disorder, osteogenesis imperfecta, were reproduced in
our cartilage and bone organoids, suggesting that our system will
be able to provide insights into genetic skeletal disorders, specif-
ically those caused by mutations in structural ECM genes and
TFs and signaling molecules important for chondrocyte differ-
entiation and maturation. There are few effective therapies for
genetic skeletal disorders, and our protocol recapitulating endo-
chondral ossification in vitro promises to be an important tool
in the search for treatments. The in vivo growth plate contains
chondrocytes at different maturation stages, proliferative, prehy-
pertrophic, and hypertrophic, as well as hypertrophic chondro-
cytes in the process of transitioning to osteoblasts. This zonal
architecture is not present in our chondronoids, rather, the chon-
drocytes mature in a relatively synchronous fashion, providing a
“snapshot” of each stage, and potentially making it easier to define
the developmental stage first or most affected in disease and how
this is moderated by drug therapies. The alternative differentia-
tion pathway from chondroprogenitors to articular cartilage
will facilitate arthritis-related studies, and we anticipate that
it will be used to produce cartilage biomaterials for tissue
regeneration.

Materials and Methods

Human-Induced Pluripotent Stem Cell Lines and Maintenance. Six fully
characterized and validated control human-induced pluripotent stem cell (iPSC)
lines were used-feeder-dependent RM3.5 derived from deidentified fibroblasts
purchased from the American Type Culture Collection (ATCC) (85); peripheral
blood mononuclear cell-derived MCRIi001-A (86), and gene-edited subclones,
MCRIi001-A-2, expressing a SOX9-tdTomato reporter (87), and MCRIi001-A-BFP
expressing blue fluorescent protein (MCRIi001-A and derivatives produced with
approval from the Royal Children’s Hospital Human Research Ethics Committee,
HREC 35121A); and fibroblast-derived feeder-independent lines MCRIi018-B
(HREC 33118A) (73) and MCRIi019-A derived from deidentified fibroblasts
purchased from ATCC (88). For skeletal disease modeling, we used iPSC line
MCRIi018-A with a heterozygous COLTAT p.W1312C mutation and gene-cor-
rected isogenic control MCRIi018-B (HREC 33118A) (73), and MCRIi019-A-7
(69) with a heterozygous COL2AT p.G1113C mutation and isogenic control
MCRIi019-A (88). Feeder-dependent cells were routinely expanded on mitoti-
cally inactivated mouse embryonic fibroblasts (MEFs) in DMEM/F-12 with 20%
KnockOut Serum Replacement, 2 mM GlutaMAX, 1% Non-Essential Amino
Acid Solution, 0.1 mM B-mercaptoethanol (all from ThermoFisher Scientific),
and 50 ng/mL FGF2 (PeproTech) at 37 °C with 95% air/5% CO,. The media was
changed daily, and cells passaged (1:6 split) every ~3 d with 0.5 mM EDTA
in PBS. The feeder-free cells were routinely expanded on Matrigel (Corning)-
coated plates in Essential 8 (E8) medium (ThermoFisher Scientific). The media
was changed daily, and cells passaged (1:4 to 1:6) every 3 to 4 d with 0.5 mM
EDTAiin PBS.

Sclerotome Differentiation. Undifferentiated iPSCs at 70 to 90% conflu-
ency were dissociated into fine cell clusters using 0.5 mM EDTA in PBS and
typically passaged into 6-well plates (~2 x 10° cells per well for RM3.5,
MCRIi0018-B and MCRIi019-Aand ~0.8 x 10° cells per well for MCRIi001-A
and MCRIi001-A-2), either preseeded with MEFs or precoated with Matrigel,
and cultured for 24 to 48 h in the appropriate expansion media. Differentiation
to sclerotome was as described (21) modified by substituting the CDM2 basal
medium with APEL2 (StemCell Technologies) containing 5% Protein-Free
Hybridoma Medium (PFHM II; ThermoFisher Scientific). On day 0, the medium
was changed to anterior primitive streak-inducing medium containing 30 ng/mL
Activin A(R&D Systems), 4 uM CHIR99021 (Tocris), 20 ng/mLFGF2 (PeproTech),
and 100 nM PIK90 (Merck Millipore). After 24 h, this medium was replaced with
medium containing 3 uM CHIR99021, 20 ng/mL FGF2, 1 uM A8301 (Tocris),
and 0.25 uM LDN193189 (Cayman Chemical) to induce paraxial mesoderm
for 24 h. Early somite development was then induced with medium contain-
ing 1 uM A8301 and 0.25 pM LDN193189, 3 uM C59 (Tocris), and 0.5 uM
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PD0325901 (Selleck Chemicals). After 24 h, sclerotome induction was initiated
with T uM €59 and 2 uM purmorphamine (Sigma-Aldrich). After the first day
of sclerotome induction (day 4), cells were dissociated from monolayer culture
using TrypLE Select (ThermoFisher Scientific); resuspended in sclerotome dif-
ferentiation media; 300 pL aliquots containing 2 x 10° cells were dispensed
into 96-well low-attachment, round-bottomed plates (Corning); and pelleted
by centrifugation at 400 g for 3 min using a swing-out rotor. The pellets were
incubated in sclerotome differentiation media for a further 48 h to complete
sclerotome differentiation in the 96-well static culture format. Importantly, cells
atthe sclerotome stage before pelleting could be frozen in medium containing
10% DMSO, stored under liquid nitrogen, and retrieved for subsequent stud-
ies, allowing well-characterized sclerotome to be stockpiled for differentiation
consistency and larger-scale experiments.

Chondrocyte Differentiation and Maturation. Sclerotome-to-chondrocyte dif-
ferentiation was routinely done in APEL2 supplemented with 5% PFHM 11, 20 ng/
mLFGF2,and 1x Penicillin-Streptomycin (ThermoFisher Scientific). In some exper-
iments, 20 ng/mL BMP4 (R & D Systems) was used for comparison. Pellets were
routinely transferred to 6 cm nonadherent dishes (Greiner) at the end of either
day 6 or day 20; 15 to 20 pellets per dish in 5 mL of medium with orbital rotation
at 60 rpm. The medium was changed every 2 to 3 d. From day 20 (after 2 wk of
FGF2 treatment), differentiation/maturation continued in APEL2 / 5% PFHM Il
with medium replaced every 2 to 3 d for the duration of the chondrogenic differ-
entiation experiments as indicated. In some experiments, pellets were treated
with FGF2 for 4 wk postsclerotome. Triiodothyronine (T3) is crucial for chondrocyte
hypertrophy (44); thus in some experiments, differentiated chondrocytes were
treated with 10 nM T3 (Sigma-Aldrich) for 10to 21 d to induce chondrocyte hyper-
trophy. T3 was added when the pellets had consistentand even cartilage histology,
which ranged between 4 and 6 wk postsclerotome chondrocyte differentiation.To
generate articular cartilage, pellets were treated with 20 ng/mLFGF2 from the end
of day 6 for 14 d, and with 10 ng/mLTGFp3 (R&D Systems) from day 13.

Osteogenic Differentiation. Hypertrophic chondrocytes can transdifferenti-
ate into osteoblasts and osteocytes in vivo (7, 8). To recapitulate this later stage
of endochondral bone formation in vitro, hypertrophic chondrocyte pellets in
orbital culture were rinsed in PBS and then cultured in DMEM, high glucose,
GlutaMAX Supplement, pyruvate (ThermoFisher Scientific), 20% FBS, 10 mM
B-glycerophosphate, 50 pug/mL ascorbic acid 2-phosphate, 50 pg/mL sodium
ascorbate, and 100 nM dexamethasone (all from Sigma-Aldrich) (osteogenic
differentiation media) (52) for up to 3 wk. Some cultures were supplemented
with 10 uM CHIR99021 for the first 7 d. The media was replaced every 2 to 3 d.

In Vivo Transplantation to Generate Human Ectopic Bone. Cartilage orga-
noids were treated with T3 for 1 wk from day 35, or for 2 wk from day 28 followed
by 2 wkin osteogenic medium, then implanted subcutaneously into NBSGW mice
at day 42 or day 56, respectively (89). The organoid grafts were harvested after
13 wk.All animal procedures were approved by the Murdoch Children’s Research
Institute Animal Ethics Committee (Approval A863).

Histological Analyses. Cultured and in vivo grafted pellet organoids were
fixed overnight at 4 °C in Confix (Australian Biostain) neutral-buffered forma-
lin, then washed in 70% ethanol, processed on a tissue processor (Excelsior AS,
ThermoFisher Scientific), and paraffin-embedded (HistoStar Embedding Machine,
ThermoFisher Scientific). After fixing, some in vivo grafted pellets were washed in
water for 10 min and then decalcified in 14% EDTA, pH 7.4 at 4 °Cfor 5 d before
embedding. Serial 5 um sections cut from the pellet centers were mounted on
Superfrost Plus slides (Menzel-Glaser) and heated at 60 °C for 1 h. The sections
were treated with xylene to remove the paraffin wax and an ethanol series com-
prising 100%, 90%, 70% ethanol and then water to rehydrate the sections. The
sections were stained with toluidine blue to detect a cartilage proteoglycan matrix
or safranin O /fast green for cartilage and bone following standard protocols.
Osteogenic pellet sections were also stained with von Kossa to detect minerali-
zation. Images were captured using a Leica DM 2000 LED microscope with Leica
Application Suite (LAS) software version 4.9.0 or Zeiss Axio Imager Z2 with Zen
3.1 Blue Edition software.

Immunostaining. Formalin-fixed and paraffin-embedded sections were immu-
nostained for collagen Il (MAB8887; Sigma-Aldrich; 1:150 dilution), collagen |
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(LF68; Kerafast ENHO18-FP; 1:1000), collagen X (90) (1:100), PRG4 (MABT401,
Sigma-Aldrich)(1:100), BGLAP (LF-126; Kerafast ENH091-FP)(1:100), Ku80 (Cell
Signaling) (1:300), and SOST (AF1589; R&D Systems; 1:100). For collagen Il
staining, antigen retrieval used 2 mg/mL porcine pepsin (Sigma-Aldrich) freshly
prepared in 1 M Tris/HCI, pH 2.0 for 30 min at 37 °C, followed by digestion for
30 min at 37 °Cwith 0.2% hyaluronidase (Sigma-Aldrich) in PBS. Collagen X and
PRG4 antigen retrieval involved heating to 60 °Cin 10 mMTris/T mM EDTA/0.05%
Tween-20, pH 9.0 (Tris/EDTA) for 30 min, cooling to room temperature for
30 min, followed by hyaluronidase digestion; collagen I and Ku80 staining fol-
lowed antigen retrieval at 60°C in Tris/EDTA as above. Sections to be stained with
Ku80 were then permeabilized with 0.05%Triton X-100. Antigen retrieval for BGLAP
was digestion with 20 pig/mL Proteinase Kin 50 mM Tris/T mM EDTA/5 mM CaCl,,
pH 8 for 15 min at 37 °C.The sections were blocked with 3% BSA (Sigma-Aldrich)
in PBS for 1 h at room temperature, and then incubated with primary antibodies
in 1% BSAin PBS for 16 hat 4 °C. Appropriate species-specific Alexa Fluor 488 and
594 secondary antibodies (ThermoFisher Scientific) were diluted 1:200 in 1 %
BSAin PBS with 2.5 ug/mL DAPI, and the sections were incubated for 1 h at room
temperature. Slides were washed with PBS and coverslips mounted using Shandon
Immu-Mount (ThermoFisher Scientific). Images were captured as described above.

Transmission Electron Microscopy. Pellets were washed with PBS and fixed in
0.1 M sodium cacodylate containing 2.5% glutaraldehyde at 4 °C. Samples were
prepared using the ROTO technique (91), dehydrated in an alcohol series, and
embedded in Epon 812. Ultrathin sections (70 nm) were observed on a Tecnai
F30 (FEI) with an extraction voltage of 200 kV. Micrographs were taken with a
CETA camera (ThermoFisher Scientific).

MicroCT. Pellets were formalin fixed, stored in 70% ethanol at 4 °C, then scanned
using microCT (uCT50, Scanco Medical AG) with an 0.5-mm Al filter at an energy
of 70 kVp, intensity of 200 pA, integration time of 300 ms, and a voxel (native)
resolution of 3 um. Bone morphometry parameters were calculated using a
common threshold of 210/1,000 for bone tissue within the volume of interest.

Bulk Population RNA-Seq. For RNA-Seq, organoids (2 to 3 pooled) were snap fro-
zenin liquid nitrogen, pulverized using a liquid nitrogen-cooled tissue grinder, and
RNA extracted with TRIzol, followed by purification using Direct-zol RNAMicroprep
kit spin columns (Zymo Research) according to the manufacturer’s instructions.
RNAsamples were quality controlled and sequenced at the Translational Genomics
Unit, Murdoch Children’s Research Institute. When samples were directly com-
pared, RNAwas prepared from all samples at the same time and RNA sequencing
libraries were made at the same time with the same batch of reagents. Libraries
were constructed using Illumina Stranded mRNA Prep kits and sequenced using a
NextSeq 500 to obtain ~20 x 10°75 bp paired-end reads per sample ora NovaSeq
6000 for 150 bp paired-end reads. Reads were aligned to hg38 using a Bpipe
(92) RNA-Seq pipeline that incorporated FastQC quality control, adaptor trimming
with Timmomaticv.0.35(93), mapping with STAR 2.7.3a (94), summarizing reads
over genes with featureCounts (95), and MultiQC (96) to summarize the analyses.
Downstream analyses and identification of differentially expressed genes used
the EdgeR Bioconductor package (97). Genes with expression levels of at least
one count per million in at least three samples were kept for further analysis.
The data were TMM normalized and voom transformed. Differential expression
was identified with robust paired moderated t tests using limma (97). Graphical
visualizations used the gplots, tidyverse, and ggplot2 packages.

Data, Materials, and Software Availability. The RNAseq data discussed in
this paper have been deposited in NCBI Gene Expression Omnibus with series
accession number GSE219215 (https://www.ncbi.nIm.nih.gov/geo/query/acc.
€gi?&acc=GSE219215) (98).
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