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CTR9 drives osteochondral lineage differentiation of
human mesenchymal stem cells via epigenetic

regulation of BMP-2 signaling

Ngai Ting Chan', Ming-Song Lee?, Yidan Wang', Jacques Galipeau®, Wan-Ju Li?, Wei Xu'*

Cell fate determination of human mesenchymal stem/stromal cells (hMSCs) is precisely regulated by lineage-
specific transcription factors and epigenetic enzymes. We found that CTR9, a key scaffold subunit of polymerase-
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associated factor complex (PAFc), selectively regulates hMSC differentiation to osteoblasts and chondrocytes,
but not to adipocytes. An in vivo ectopic osteogenesis assay confirmed the essentiality of CTR9 in hMSC-derived
bone formation. CTR9 counteracts the activity of Enhancer Of Zeste 2 (EZH2), the epigenetic enzyme that de-
posits H3K27me3, in hMSCs. Accordingly, CTR9 knockdown (KD) hMSCs gain H3K27me3 mark, and the osteo-
genic differentiation defects of CTR9 KD hMSCs can be partially rescued by treatment with EZH2 inhibitors.
Transcriptome analyses identified bone morphology protein-2 (BMP-2) as a downstream effector of CTR9.
BMP-2 secretion, membrane anchorage, and the BMP-SMAD pathway were impaired in CTR9 KD MSCs, and
the effects were rescued by BMP-2 supplementation. This study uncovers an epigenetic mechanism engaging
the CTR9-H3K27me3-BMP-2 axis to regulate the osteochondral lineage differentiation of hMSCs.

INTRODUCTION

Human mesenchymal stem cells (hMSCs), also known as mesen-
chymal stromal cells, are initially isolated from the bone marrow.
MSCs comprise a heterogeneous population of stem cells and
lineage commitment progenitors that also reside in other organs
and tissues, such as adipose, umbilical cord, and pancreas (1, 2).
MSCs are multipotent and express common cell surface markers
such as CD73, CD90, and CD105. Under appropriate stimuli,
MSCs can differentiate into mesodermal lineage cell types, includ-
ing osteoblasts, adipocytes, and chondrocytes, and transdifferenti-
ate into ecto/endoderm lineages at a much lower frequency (3).
Although MSCs can be induced to defined lineages in vitro, the
in vivo differentiation of MSCs into adipocytes or osteoblasts/chon-
drocytes is context dependent and affected by pathological condi-
tions, such as obesity, osteosarcoma, osteoporosis, and
chondrodysplasia (4, 5). Therefore, a mechanistic understanding
of osteo/chondrogenic and adipogenic differentiation of MSCs
could provide molecular basis for designing new treatments for
bone/cartilage- and adipose-related diseases.

MSC lineage specification is typically controlled by lineage-spe-
cific transcription factors (TFs). For example, the osteogenic differ-
entiation of MSCs is regulated by two master regulators, RUNX2
and Osterix, which sequentially activate osteo-promoting signaling
pathways, such as transforming growth factor-f (TGF-p) and
Wingless-related integration site (Wnt) /B-catenin (6). Further-
more, numerous bone matrix protein coding genes, such as osteo-
pontin and osteocalcin, are target genes of RUNX2 and Osterix (7,
8). In addition to induce osteogenic differentiation, RUNX2 and
Osterix inhibit the differentiation of MSCs toward the adipogenic
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lineage by restraining the expression of PPARy ( peroxisome prolif-
erator—activated receptor y) and C/EBPa (CCAAT/enhancer
binding protein CCAAT/enhancer binding protein), which are
the master TFs regulating adipogenesis (9). Thus, osteochondral
and adipogenesis-specific TFs dictate an interlinked regulatory
network, and the induction of one lineage often comes at the
expense of the other.

Bone morphogenetic proteins (BMPs) are members of the TGF-
B superfamily (10) involved in different phases of bone formation,
including endochondral ossification and intramembranous ossifi-
cation (11, 12). Among BMPs, BMP-2 is a potent cartilage and
bone inducer. The osteogenic effects of BMP-2 are mediated
through the formation of canonical SMAD complexes (SMAD1/
5/8; SMAD4), which further activate the transcription of genes in-
volved in osteoblastic/chondrogenic differentiation and bone/carti-
lage formation, including RUNX2, OSX, DLX5, and SOX9 (13-15).
The studies on vertebrate skeleton development in vivo also support
roles of BMP-2 in regulating bone development and tissue homeo-
stasis. Osteoblast-specific BMP-2 knockout mice (Sp7-Cre; BMP-
25/ elicit defects in osteoblast formation, long bone stiffness,
and endochondral fracture healing (16-18). Concomitantly, BMP-
2 is a potent chondrogenic growth factor for cartilage tissue engi-
neering. Activation of p38-mitogen-activated protein kinase signal-
ing by BMP-2 stabilizes SOX9 and stimulates SOX9 expression, thus
promoting chondrogenesis (19). As a consequence, BMP-2 is the
only osteoinductive growth factor approved by U.S. Food and
Drug Administration (FDA) for bone healing (20-23) and various
BMP-2 delivery methods are under active investigation for bone
repair and regeneration (24, 25).These studies underscore the im-
portance of BMP-2 in osteogenesis and its potential synergism
with other osteogenic transcriptional factors.

Lineage-priming TFs interact with epigenetic enzymes to estab-
lish distinct epigenetic states, adding another layer of complexity to
the transcriptional regulation of MSC lineage-specific differentia-
tion. For instance, activation of RUNX2 requires KDM6A to erase
H3K27me3 (26), a repressive marker involved in lineage-specific
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differentiation. For example, osteogenic genes, RUNX2 and OPN,
are repressed by EZH2/H3K27me3 (27, 28), whereas H3K27me3
demethylase KDM6A activates SOX9 and COL2A1, thus promoting
chondrogenic differentiation (29). EZH2 and KDMG6A elicit oppos-
ing effects on MSCs osteogenic and adipogenic differentiation. The
exogenous expression of EZH2 in MSCs promotes adipogenic and
inhibits osteogenic differentiation. In contrast, overexpression of
KDMG6A promotes osteogenic and inhibits adipogenic differentia-
tion (30-32). Therefore, lineage-specific TFs and epigenetic modu-
lators coordinate to define the lineage specification of MSCs.

CTRO is the scaffold protein of polymerase-associated factor
complex (PAFc) regulating multiple phases of transcription (33).
CTR9/PAFc was previously shown to regulate lineage-specific
genes that are required for mammalian preimplantation develop-
ment, such as EOMES, ELF5, and SOX2, through modulating
H3K36me3 deposition (34). CTR9 has been shown to regulate the
pluripotency of mouse and human embryonic stem cells (35, 36).
Moreover, genome-wide association studies identified CTR9 as a
candidate gene involved in the development of osteoporosis-
related Kashin-Beck disease, implicating CTR9 in maintaining
bone homeostasis (37). We had reported the role of CTRY to re-
strain H3K27me3 expansion on chromatin by regulating Polycomb
repressive complex 2 (PRC2) subtype equilibrium and KDM6A ex-
pression in breast cancer cells (38). Given that the PRC2-
H3K27me3-KDM6A axis is critical in lineage commitment of
hMSCs, we posit that CTR9 may regulate lineage differentiation
of hMSCs via an epigenetic mechanism.

In this study, we used loss- and gain-of-function approaches to
study the roles of CTR9 in hMSCs maintenance and multifaceted
lineage-oriented differentiation. Our studies revealed essential
functions of CTR9 in osteochondral but not adipogenic differenti-
ation through regulating BMP-2 expression. Furthermore, the oste-
ogenic differentiation of hMSCs regulated by CTR9 engages in
PRC2-H3K27me3 axis. Our findings underscore the functional sig-
nificance of CTRY in orchestrating epigenetic enzymes and lineage-
specific TFs to promote bone/cartilage formation.

RESULTS

CTR9 depletion has minor effects on the viability and stem
cell properties of hMSCs

To examine the functional roles of CTRY in lineage specification of
hMSCs, we first generated hMSC lines stably expressing two distinct
CTRY-targeting short hairpin RNAs (shRNAs), with a scramble
shRNA serving as a negative control (i.e., shControl versus
shCTR9#3 or #5). Western blotting (WB) results confirmed the de-
pletion of CTR9 in hMSCs derived from different donors (HO1/
HO03/H18) at early passages (p3/p4) (Fig. 1A). CTR9 knockdown
(KD) in hMSCs resulted in a notable morphology change measured
by immunofluorescent staining of the cytoskeleton (F-actin/p-
tubulin) (Fig. 1B). In contrast to the fibroblast-like morphology of
shControl MSCs, CTR9 KD cells were enlarged and branched, ac-
companied by the decreased cell-cell adhesion. Despite the mor-
phological changes, cell survival was moderately affected. The
flow cytometry analysis of propidium iodide (PI)/annexin V
uptake showed a mild increase of apoptotic cells (PI~/annexin-
V*) after CTR9 depletion, whereas the necrotic cells (PI*/
annexin-V*) were not evident in either shControl or shCTR9
hMSCs. Apoptosis and necrosis were induced in parental hMSCs
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using hydrogen peroxide (H,0,), serving as a positive control
(Fig. 1C) (39). The effect of CTR9 KD on viability of hMSCs was
also measured using a duo-fluorescence-based cell cytotoxicity
assay. Both control KD and CTR9 KD hMSCs remain largely
viable as illustrated by high intracellular esterase activity (bright
green) and intact plasma membrane integrity (deem red) (40).
This contrasts with massive cell death when hMSCs undergone
formaldehyde fixation, serving as a positive control (fig. SIA). To
further delineate the effect of CTR9 depletion on hMSCs, we detect-
ed the expression of cellular markers of proliferation, senescence,
and stress granules by WB (Fig. 1D). The results showed a substan-
tial decrease of Ki67 and proliferating cell nuclear antigen upon
CTR9 KD. On the contrary, the expression of senescence markers
(p16INK4a and B-galactosidase) and stress granules components
(G3BP1/PABP1) that moderately increased in response to CTR9 de-
pletion as compared to positive control of parental hMSCs under-
went a 2-day serum starvation followed by treatment with sodium
arsenite (41). Serum-starved, sodium arsenite—treated hMSCs ex-
pressed higher levels of senescence and stress granule—associated
proteins but lower proliferative marker proteins as compared to
CTR9 KD hMSCs. These results agree with the moderate increase
of senescence-associated p-galactosidase in CTR9 KD hMSCs (fig.
S1B) and increase of hMSCs in Gy-G; phase of the cell cycle
(Fig. 1E). Immunofluorescence staining of Ki67, p-galactosidase
and G3BP1 in control KD, two CTR9 KD clones, and pretreated pa-
rental hMSCs reinforced the minor effect of CTR9 in regulation of
proliferation, cell stress, and senescence phenotypes of
hMSCs (Fig. 1F).

We next compared the three-dimensional (3D) spheroid forma-
tion and stem cell marker expression between shControl and
shCTR9 hMSCs. The depletion of CTR9 did not affect the 3D
spheroid formation (Fig. 1G) nor the viability and integrity of cell
aggregates (labeled with CellTracker Green and phalloidin) (fig.
S1C). Furthermore, CTR9 KD did not result in significant
changes on the expression of MSC surface markers and other plu-
ripotency regulatory genes (Fig. 1H). In summary, although CTR9
KD moderately affected the morphology and proliferation of
hMSCs, the viability and stem cell properties of hMSCs were not
remarkably affected by the loss of CTRO.

KD of CTR9 in hMSCs impairs sequential osteogenic
differentiation

We next investigated whether depletion of CTR9 affects the lineage
specification of hMSCs. Several studies implicated that CTR9 level is
likely associated with osteogenic potential (36, 42). Thus, we com-
pared shControl and shCTR9#3/#5 MSCs in the in vitro osteogenic
assays. The hMSCs were treated with osteogenic induction medium
for 28 days, during which osteogenic markers were sequentially
measured at different time points (Fig. 2A). The alkaline phospha-
tase (ALP) activity indicates the presence of osteoprogenitor or os-
teoblast cells (43). In Fig. 2B, shControl MSCs elicited much
stronger ALP activity just 7-days after osteogenic induction as com-
pared with shCTR9 hMSCs. The quantification of ALP activity nor-
malized by DNA content was also shown in Fig. 2B (right). In
addition to ALP activity, increased collagen level stained by Picro-
sirius red is another marker of osteogenesis. In fig. S2A, the strong
red staining of collagen fibers was observed in shControl, but not in
shCTR9 hMSCs, after 28-day osteogenic induction. Given that ele-
vated ALP activity and enhanced collagen synthesis/secretion are
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Fig. 1. CTR9 KD has minor effects on
viability, morphology, and prolifera-
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hallmarks of osteogenesis and are a prerequisite for calcium-en-
riched extracellular matrix (ECM) formation, we conclude that
CTR9 KD impedes osteogenic differentiation of hMSCs.

Second, we measured the calcium mineralization in ECM, as it
distinguishes a terminally differentiated osteoblast from a prema-
ture one. Mature osteoblasts secrete large amounts of collagen-pro-
teoglycan matrix, which binds calcium salts [mainly
hydroxyapatite, Ca5(PO4)3(OH)] during osteogenesis (44). As ex-
pected, shControl, but not shCTR9 hMSCs, formed substantial
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amounts of mineralized calcium matrix after 28 days of osteoinduc-
tion as shown by Alizarin Red S staining and quantification
(Fig. 2C). The defects of ALP activity and calcium-mineralized
ECM formation in shCTR9 hMSCs could be observed in hMSCs
derived from different donors (H01/H18) (fig. S2, B and C).
Third, we quantified the secretion of osteoglycoproteins or y-
carboxyglutamic acid—containing calcium-binding proteins includ-
ing osteocalcin/osteonectin/osteopontin, another marker of osteo-
genesis (45, 46). To determine whether CTR9 depletion affects the
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Fig. 2. Osteogenic differentiation was
impaired in CTR9 KD hMSCs. (A) Sche-
matic workflow of osteogenic induction
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images showing the ALP activity—associ-
ated BCIP-NBT staining (violet blue) in
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#5) from days 0 to 28 of osteogenic in-
duction. Scale bar, 20x (at the bottom
right applied to all corresponding
images). Right: Quantification of ALP ac-
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secretion of these osteo-specific ECM proteins, we performed
enzyme-linked immunosorbent assay (ELISA) for secreted human
specific osteocalcin and osteopontin after shControl, and shCTR9
hMSCs were induced for 0, 14, 21, and 28 days. The result
showed that CTR9 depletion significantly reduced osteocalcin/os-
teopontin secretion after 14- or 28-day in vitro osteoinduc-
tion (Fig. 2D).
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Nuclei RUNX2 Osteocalcin

Last, we assessed the osteogenic efficiency by quantifying undif-
ferentiated MSC markers CD73/CD90 and osteogenic markers os-
teocalcin/osteopontin using flow cytometry after 21-day osteogenic
induction. shControl hMSCs, but not shCTR9 hMSCs, displayed
increased osteocalcin/osteopontin and decreased CD73/CD90 ex-
pression (Fig. 2E). This result was substantiated by immunofluores-
cence staining of CD73/CD90 and osteoblast-specific proteins
RUNX2 and osteocalcin (Fig. 2F). A substantial increase of
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RUNX2 expression (green) was observed between 14 and 21 days of
osteogenic induction in the shControl group. Similarly, immuno-
fluorescence staining detected initial osteocalcin synthesis near
the endoreticulum (ER) on day 14 and accumulation of osteocalcin
on day 28 of osteogenic differentiation, accompanied by the reduc-
tion of CD73/CD90 expression. shCTR9 MSCs exhibited delayed
RUNX2 expression or osteocalcin synthesis while maintaining the
expression of undifferentiated surface markers, CD73/CD90, indi-
cating a blockade of hMSC osteogenesis. The impaired osteogenesis
in CTR9 KD hMSCs were further validated by reverse transcription
quantitative polymerase chain reaction (RT-qPCR) (fig. S2D) and
immunofluorescence staining (fig. S2E) of respective markers
during 14 to 28 days of osteogenic induction of hMSCs. All data
(i.e., reduced collagen fibrosis, ECM osteo-protein secretion, and
decreased expression of osteoblast markers) support the notion
that the loss of CTR9 strongly impedes osteogenic differentiation,
underscoring the essential role of CTR9 in the osteogenic lineage
determination of hMSCs.

The expression levels of CTR9 are associated with
osteogenic potential

Given that knocking down CTR9 impairs the osteogenic potential
of hMSCs, we next investigated whether the osteogenic potential of
hMSCs is CTR9 dose dependent. Flag-tagged CTR9 was exogenous-
ly expressed in shControl or shCTR9 hMSCs. WB results showed
the restoration of CTR9 protein in shCTR9 hMSCs, and CTR9 is
overexpressed in shControl hMSCs (Fig. 3A). When CTRY expres-
sion was restored to the same levels of the parental h(MSCs, the os-
teogenic defects were largely alleviated as shown by ALP activity,
calcium deposition, and osteocalcin secretion, in comparison to
the shCTR9 hMSCs expressing vector control (shCTR9#3/
#5 + Flag-CTR9 versus shCTR9#3/#5 + Vector) (Fig. 3, B and C,
and fig. $3). Notably, the exogenous expression of CTR9 in shCon-
trol hMSCs elevated osteogenic potential as compared with shCon-
trol hMSCs expressing blank vector (i.e., shControl + Flag-CTR9
versus shControl + Vector) (Fig. 3, B and C). Together, these data
strongly suggest that CTR9 is a bona fide regulator of osteogenesis,
and the osteogenic potential of hMSCs is governed by CTRY levels.

CTR9 is required for in vivo bone formation

The osteogenic defects associated with CTR9 loss in hMSCs in vitro
prompted us to investigate the role of CTR9 in modulating MSC-
derived bone formation in vivo using an ectopic bone formation
assay (Fig. 4A). shControl and shCTR9 hMSCs were seeded on
the fused filament fabrication—printed 3D polycaprolactone (PCL)
scaffolds at a density of 10° cells/cm>. After 7-day pre-osteodiffer-
entiation in vitro, the shControl and shCTR9 hMSC-containing
scaffolds were subcutaneously implanted to the bilateral dorsal
surface of immunodeficient mice symmetrically. Mice (n = 4) that
were implanted with only scaffold serve as negative controls. The in
vivo micro—computed tomography (CT) scanning was performed
after 4 to 8 weeks of implantation, followed by harvesting the em-
bedded 3D PCL scaffolds for ex vivo micro-CT scanning, Alizarin
Red S staining, and immunostaining of osteogenic markers. The in
vivo micro-CT scanning revealed extensive areas of bone matrix—
like calcification in scaffolds containing shControl hMSCs after 4
weeks of in vivo implantation, and the mineral density in those
areas was further increased after 8-week implantation. In contrast,
the scaffolds containing shCTR9 hMSCs exhibited lower levels of
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calcification and less mineral density as compared with the shCon-
trol MSCs after 4 to 8 weeks of implantation (fig. S4A). As expected,
the mock group had no detectable signal. The quantification of cal-
cification volume (in mm?) and the mineral density of the scaffolds
(in mg/cm?®) are shown in Fig. 4 (B and C). The ex vivo CT scan
results of the scaffolds retrieved from the mice after 8-week implan-
tation agree with those of the in vivo CT scan (fig. S4B). Bromo-
chloroindolyl phosphate—nitro blue tetrazolium (BCIP-NBT) and
Alizarin Red S staining of the harvested scaffolds also showed that
the scaffolds seeded with shControl hMSCs had significantly higher
ALP activity and calcium deposition compared to the shCTR9
counterparts (Fig. 4, D and E). Moreover, decreased osteocalcin
sedimentation (green immunofluorescence) across the scaffolds
was observed in shCTR9 MSCs as compared to shControl
(Fig. 4F), which agrees with the ELISA results (Fig. 4G). Last, hema-
toxylin and eosin, Von-Kossa, and Masson's trichome staining of
paraffin-embedded scaffold showed the reduced osteoid accretion,
calcium deposition, and scaffold mineralization when CTR9 was
depleted (Fig. 4, H to J). Moreover, collagen fiber consolidation
and ALP activation were compromised in CTR9 KD group as
shown by Picrosirius red and ALP staining, respectively (Fig. 4, K
and L). Together, our results demonstrate that CTR9 is indispens-
able for bone formation both in vitro and in vivo.

Loss of CTR9 impairs the chondrogenic differentiation

of hMSCs

Chondrogenesis and osteogenesis are being recognized as coupled
developmental processes in vivo (47). Many signaling pathways and
lineage-specific TFs are involved in both processes, such as ALP and
RUNX2 (48). Because CTR9 depletion impedes osteogenesis in
vitro and in vivo, we sought to examine whether CTR9 KD also
hinders chondrogenesis. Unlike osteoblasts, chondrocytes can lose
their chondrogenic potential and dedifferentiate to osteochondral
progenitors in 2D culture conditions (49). Therefore, in vitro chon-
drogenic differentiation uses 3D spherical chondrocyte model
(Fig. 5A). After 21 days of in vitro chondrogenic induction, the
chondrocyte spheroids were collected for measuring collagens, pro-
teoglycans, glycosaminoglycans (GAGs) and expression of chon-
drocyte markers. Comparing with shControl spheroids after 14 to
21 days of chondrogenesis, shCTR9 hMSCs exhibited reduced
chondrocyte differentiation measured by cartilaginous ECM
(CECM) formation using Alcian blue and toluidine blue staining
(Fig. 5, B and C) and GAGs using a miniaturized dimethyl-methy-
lene blue (DMMB) assay (Fig. 5, D and E). In addition, collagen
production (fig. S5A) and ALP activity (fig. S5B) were compro-
mised in CTR9 KD spheroids after 14 to 21 days of chondrogenic
induction. To determine whether genes shared by osteogenesis and
chondrogenesis are affected by CTR9 depletion, we extracted RNA
from control KD and CTR9 KD spheroids after 21-day chondrogen-
ic induction and quantified the expression of chondrocyte markers
by RT-qPCR. The heatmap (fig. S5C) showed that the chondrocyte-
associated TFs, including GLI, SOX9, and RUNX2, as well as chon-
drogenic markers, including ALPL, CollIAI, Col2A1, Coll10Al,
ACAN, and CHAD, were dramatically decreased upon CTR9 KD.
The results were confirmed by multiplex immunofluorescence
staining of SOX9, chondroadherin, aggrecan, ALP, and collagen
type I/II (Fig. 5F). Collectively, our data underscore the transcrip-
tional regulatory role of CTR9 in osteochondral differentiation.
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Fig. 3. Osteogenic differentiation potential of hMSCs is CTR9 dose dependent. (A) WB analyses of CTR9 levels in shControl or shCTR9 hMSCs (shCTR9#3/#5) exog-
enously express Flag-CTR9. Blank vectors were transfected as controls (+ Vector). (B) Right: Representative images of BCIP-NBT staining (violet blue) of shControl or
shCTR9 hMSCs (shCTR9#3/#5) transfected with blank vector (+ Vector) or Flag-CTR9 plasmid (+ Flag-CTR9) from days 0 to 28 of osteogenic induction. Scale bar, 20x
(at the bottom right applied to all corresponding images). Left: Quantification of ALP activity by ODsgsny, absorbance normalized with the respective DNA content. Data
are represented as means + SD (n = 6). P values were calculated by two-tailed t test with *P < 0.05 and **P < 0.01. (C) Right: Representative images showing the ECM
formation with Alizarin Red S staining of shControl or shCTR9 hMSCs (shCTR9#3/shCTR9#5) transfected with blank vector (+ Vector) or Flag-CTR9 plasmid (+ Flag-CTR9)
from days 0 to 28 of osteogenic induction. Scale bar, 20x (at the bottom right applied to all corresponding images). Left: Quantification of ECM formation by ODs40nm
absorbance normalized with the respective DNA content. Data are represented as means + SD (n = 6). P values were calculated by two-tailed t test with *P < 0.05
and **P < 0.01.
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Fig. 4. CTR9 is required for in vivo bone formation. (A) Schematic workflow for in vivo ectopic bone formation assay using mock, shControl, and two shCTR9 hMSC
lines. (B) Scatter dot plot showing the calculated volume (cubic millimeter) of calcification within the implanted 3D scaffolds after micro-CT scanning. Data are depicted as
means + SD (n = 8). P values that were calculated by two-tailed t test with Welch's correction were shown. (C) Box plot showing the converted mineral density (milligram
per cubic millimeter) of calcification within the implanted 3D scaffolds after in vivo micro-CT scanning. Box and whiskers depict 5th to 95th percentiles, and error lines
depict the minimum to maximum box plot (n = 8). Mean was labeled with “+." P values that were calculated by two-tailed t test with Welch's correction were shown. (D)
ALP activity staining in a quarter of sectioned scaffolds seeded with shControl or shCTR9 hMSCs after 8-week implantation in mice. A 10-ul tip at the left serves as a scale
bar in the integral view. (E) Calcium matrix deposition staining (Alizarin Red S) of scaffolds described in (D) with the same scale bar. (F) Confocal immunofluorescence
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(D). Calcification spots or areas with clustered collagen enrichment or elevated ALP activity were denoted with arrowheads or with zoomed dash boxes, respectively.
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Fig. 5. CTR9 loss impairs chondrogenesis of A
hMSCs. (A) Schematic workflow of chondrogenic

induction of hMSCs using 3D spheroid culture IS

model. (B) Representative images of Alcian blue
(pH 2.5) staining on 3D spheroids of shControl or
shCTR9 hMSCs (shCTR9#3/#5) after 0 to 21 days of
chondrogenic induction. CECM was stained in
light blue. Nuclei were stained in pink, and cyto-
plasms were stained in pale pink. CM, chondro-
genic induction medium. (C) Representative
images of Toluidine blue staining of 3D spheroids
of shControl and shCTR9 hMSCs (shCTRO#3/#5)
after 0 to 21 days of chondrogenic induction.
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Loss of CTR9 did not alter the adipogenic differentiation

of hMSCs

Multipotent hMSCs can differentiate into osteoblast, chondrocyte,
and adipocyte lineages. Numerous studies have demonstrated that
in vivo lineage determination is under the control of lineage-specif-
ic TFs, and promotion of one lineage often comes at the expense of
the other. Because the loss of CTRY results in decreased osteogenic
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and chondrogenic potential of hMSCs, we next investigated
whether CTR9 KD hMSCs are more inclined to differentiate into
adipocytes. Using the in vitro adipogenic differentiation for
hMSCs (Fig. 6A), lipid droplets can be visible in mature adipocytes,
and the neutral triglycerides and other lipids of those vesicles can be
stained with Oil Red O after 21 days. Figure 6B showed that com-
parable levels of lipid vesicles were observed between shControl and
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Fig. 6. hMSC adipogenic differentiation was not affected by loss of CTR9. (A) Schematic workflow of adipogenic induction of hMSCs in vitro. (B) Top: Representative
images showing the lipid vesicles formation with Oil Red O staining on shControl or shCTR9 hMSCs (shCTR9#3/#5) after 0 to 21 days of adipogenic induction. Scale bar,
20X (at the bottom right applied to all images). AM, adipogenic induction medium. Bottom: Quantification of lipid vesicles measured by OD 49, absorbance normalized
with the respective DNA content. Data are represented as means + SD (n = 3). P values were calculated by two-tailed t test. (C) Quantification of cholesterol and FFA
concentration in total lipids extracted from shControl or shCTR9 hMSCs (shCTR9#3/#5) after 0 to 21 days of adipogenic induction. Data normalized by the respective DNA
content are represented as means + SD (n = 3). P values were calculated by two-tailed t test (*P < 0.05). (D) Immunofluorescence imaging of undifferentiated hMSCs
markers CD73/CD90 (cyan), adipogenic-differentiated MSCs marker PPARy (red), and neutral lipid droplets (green) in shControl or shCTR9 hMSCs (shCTR9#3/4#5) after 0 to
21 days of adipogenic induction. Nuclei were stained by Hoechst 33342 in blue. Scale bar, 60x (at the bottom right applied to all images). (E) Immunofluorescence
imaging of adiponectin (green), Periplin-1 (cyan), and lipid droplets indicated by Nile red in shControl or shCTR9 hMSCs (shCTR9#3/#5) after 0 to 21 days of adipogenic
induction. Nuclei were stained by Hoechst 33342 in blue. Scale bar, 60x (at the bottom right applied to all images). (F) Flow cytometry analyses of CD73/CD90 and PPARy/
lipid droplet (BODIPY 493/503) in shControl or shCTR9 hMSCs (shCTR9#3/#5) after 0 to 21 days of adipogenic induction.
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shCTR9 hMSCs after 14 to 21 days of adipogenic induction. Quan-
tifications of lipid vesicles normalized by DNA are also shown
(Fig. 6B, bottom). Similar observations were made using hMSCs
originating from different donors (H01/H18) (fig. S6). Cholesterol
and free fatty acid (FFA) levels (Fig. 6C), lipid droplets (BODIPY/
Nile red) staining, and detection of PPARy (Fig. 6D), perilipin 1
(cyan; a lipid droplet protein), and adiponectin (green) (Fig. 6E)
by immunofluorescence showed that CTR9 depletion did not
affect the adipogenic differentiation of hMSCs. These results were
confirmed by fluorescence-activated cell sorting analyses of undif-
ferentiated markers CD73/CD90 and PPARYy (Fig. 6F), document-
ing the gradual loss CD73/CD90 and gain of PPARY, indicative of
the success of MSC differentiation to adipocytes after 14 to 21 days
of adipogenic induction. Collectively, our data suggest that CTR9 is
dispensable for adipogenic differentiation of hMSCs.

BMP-2 is a downstream effector of CTR9 governing
osteochondrogenic differentiation

Our loss- and gain-of-function studies reveal that CTR9 regulates
hMSC differentiation to osteoblasts and chondrocytes, but not ad-
ipocytes. To identify potential downstream factors regulated by
CTRY during early osteoblast differentiation, we harvested
mRNAs from shControl and shCTR9 hMSCs after short-term (7
days) osteogenic induction (Fig. 7A) for bulk RNA sequencing
(RNA-seq) and identified 760 differentially expressed genes,
whose expression are CTR9 dependent. Among them, 676 genes in-
cluding CTR9 itself and osteogenic markers such as RUNX2, BMP2,
SMAD4, ALPL, and COL1A1/COL1A2 were significantly down-reg-
ulated by CTR9 depletion (Fig. 7B). Biological pathway analysis
reveals that those down-regulated genes were significantly enriched
in bone mineralization—related Gene Ontology (GO) terms, such as
positive regulation of bone mineralization and osteoblastic differen-
tiation (fig. S7A). Moreover, mouse analogs of 676 down-regulated
genes in hMSCs are predicted to elicit skeletal anomalies and other
osteogenesis imperfecta-related disorders in mouse (fig. S7B), im-
plying the high hierarchy of CTR9 in regulating the early onset of
bone and cartilage formation.

To reveal the downstream effector of CTR9 in early osteoblast
differentiation, we performed Reactome pathway prediction analy-
sis of 676 down-regulated genes (Fig. 7C). Canonical BMP-SMAD
pathway represents the top signaling pathway affected by CTR9 KD
using gene set enrichment analysis analysis (Fig. 7D), consistent
with significant decrease of BMP-2 in CTR9 KD MSCs (Fig. 7B),
implying that BMP-2 is a target of CTR9 during early osteogenesis.
BMP-2 maturation requires proteolytic cleavage in ER and Golgi
before extracellular secretion in a mature form (50-52). To assess
whether expression and subcellular localization of BMP-2 are affect-
ed by CTRY, we performed BMP-2 immunofluorescence staining
and WB of BMP-2 in subcellular fractions of control and CTR9
KD MSCs, respectively. Both immunofluorescence staining
(Fig. 7E) and WB (Fig. 7F) showed that BMP-2 is trapped in
nuclei in CTR9 KD MSCs as compared to cytoplasmic- and mem-
brane-bound BMP-2 in control MSCs, indicating a defect in pro-
peptide cleavage or the extracellular secretion of BMP-2. Upon
osteogenic induction for 3 days, BMP-2 (red) is largely synthesized
around the ER, and then prematured BMP-2 protein are cleaved at
the ER outer membrane (calnexin is an ER membrane marker;
green) and Golgi before extracellular secretion after 7 to 14 days
(52, 53). These processes are prerequisite for BMP-2 association

Chan et al., Sci. Adv. 8, eadc9222 (2022) 16 November 2022

with its receptors on the cellular membrane (1,1-Dioctadecyl-
3,3,3,3-tetramethylindodicarbocyanine [DiD]) to stain cytoplasmic
and nuclear membrane; cyan) where downstream signal cascade is
activated (Fig. 7E) (12, 53). Extraction of membrane-associated
BMP-2 (Fig. 7F) for WB and ELISA (fig. S7C) showed a delayed
BMP-2 secretion in CTR9 KD as compared with control KD
hMSC:s after 7 to 21 days of osteogenic induction.

BMP-2 activation is signified by elevated phosphorylation of
SMAD1/5/8 and nucleus translocation of SMAD4 (54, 55). Phos-
phorylation of SMAD1/5 and SMAD4 nuclear localization were ob-
served in control KD hMSCs after 7 to 21 days of osteogenic
induction, whereas these processes were compromised in CTR9
KD hMSCs (fig. S7D). Concomitantly, BMP-2 downstream
targets including osteomodulin (56), collagen type II (57), and
Osterix (58-60) were not induced in CTR9 KD hMSCs to compa-
rable levels as in control KD group (fig. S7E).

We next determined whether supplementing recombinant
BMP-2 peptide in osteoconductive medium can rescue the osteo-
genic or chondrogenic defects in CTR9 KD MSCs. Figure 7G
showed that supplementing BMP-2 recombinant peptide in osteo-
conductive medium increased ALP activity and calcium deposition
in shControl hMSCs and partially rescued the osteogenic defects in
shCTR9 MSCs. However, adding BMP-2 recombinant peptide to
normal growth medium [minimum essential medium a (MEMa)]
has no effect on osteogenesis (+OM day 0), suggesting that BMP-2
alone is necessary but not sufficient for osteogenic induction. Sim-
ilarly, addition of BMP-2 recombinant peptide in the chondrogenic
induction medium alleviated the defects in GAG (16) deposition
and collagen fibrosis caused by CTR9 KD. In shControl hMSCs,
supplementing BMP-2 peptide could further promote the chondro-
genic capability (fig. S7F). Together, our results demonstrate that
BMP-2 is a potent downstream effector of CTR9 to promote osteo-
blastic and chondrogenic initiation.

H3K27me3-dependent epigenetic mechanisms underlying
CTR9-regulated hMSC osteogenesis

Accumulating evidence suggests that H3K27me3 levels play an es-
sential role in modulating the equilibrium between osteogenesis and
adipogenesis in hMSCs (28, 30, 61, 62). CTR9 KD resulted in a re-
markable increase of bulk H3K27me3 levels as shown by immuno-
fluorescence in hMSCs (Fig. 1B). This implies that CTR9 regulates
osteogenesis, at least in part, through epigenetic mechanisms engag-
ing H3K27me3. A recent clinical trial combined EZH2 inhibition
with a reduced dose of BMP-2 in vivo for bone regeneration, thus
minimizing the adverse effects associated with high doses of BMP-2
(63). GSK-246, the EZH2 inhibitor, stimulated the osteogenic dif-
ferentiation of MSCs on 3D scaffolds in vitro, when implanted in
vivo, and enhanced vascularization and bone formation (31). Ac-
cordingly, suppression of H3K27me3 using EZH?2 inhibitors may
reverse osteogenesis defects by CTR9 KD in hMSCs. To assess
this hypothesis, both shControl and shCTR9 hMSCs were treated
with increasing concentrations of UNC1999, an EZH?2 inhibitor.
UNC2400, a structural paralog, and dimethyl sulfoxide (DMSO)
served as negative and background controls, respectively. As
shown by ALP activity during osteogenic induction, UNC1999
treatment increased osteogenesis in the shControl group and par-
tially rescued the early osteogenic defects in the shCTR9 group,
whereas treatment with UNC2400 or DMSO had no effect
(Fig. 8A). The quantification of ALP activity was shown in
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Fig. 7. BMP-2/SMAD pathway was impaired in CTR9 KD hMSCs during osteogenic differentiation. (A) Schematic workflow for preparation of shControl and shCTR9
hMSCs to RNA-seq. (B) Volcano plots of RNA-seq data showing the up- or down-regulated genes in shCTR9 hMSCs in compared to shControl hMSCs after 7 days of
osteogenic induction. Blue dots indicated the significantly down-regulated genes. Red dots indicated the significant upregulated genes (n = 3). (C) Reactome
pathway analysis of significant down-regulated genes in shCTR9 hMSCs. (D) Gene set enrichment analysis analysis of significant down-regulated genes on BMP signaling
pathway. FDR, false discovery rate. (E) Imnmunofluorescence staining of BMP-2 (Red) along with the ER marker calnexin (green) and cell/nuclear membrane dye (DiD; cyan)
in shControl or shCTR9 hMSCs from days 0 to 14 of osteogenic induction. Scale bar, 60x (at the bottom right applied to all images with merged colors). (F) WB of BMP-2 in
different cellular fractions derived from shControl or shCTR9 hMSCs after 0 to 14 days of osteogenic induction. Histone H3, GAPDH, and Na* K*-ATPase (Na+- and K+-
dependent ATPase) served as loading controls for corresponding cellular fractions. (G) Representative images showing the ALP activity—associated BCIP-NBT staining (left)
and Alizarin Red S staining of ECM formation (right) in shControl or shCTR9 hMSCs with or without the supplement of BMP-2 peptide after indicated days of osteogenic
induction. Scale bar, 20x (at the bottom right applied to all images).
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Fig. 8. The osteogenic differentiation defects by loss of CTR9 were rescued by an EZH2 inhibitor. (A) Representative images showing the ALP activity—associated
BCIP-NBT staining (violet blue) on shControl or shCTR9 hMSCs (shCTR9#3/#5) treated with DMSO, 1 uM UNC2400, or 0.5/1 pM UNC1999 during 0 to 28 days of osteogenic
induction. (B) Quantification of ALP activities in the respective conditions of (A). Data are represented as means + SD (n = 3). P values were calculated by two-tailed t test
with *P < 0.05 and **P < 0.01. (C) WB analysis of H3K27me3 levels in shControl or shCTR9 hMSCs (shCTR9#3/#5) after 0 to 21 days of osteogenic induction (top). Ponceau S
staining of histones (bottom). Each sample is loaded in twofold dilution. Total histone H3 served as a loading control. (D) H3K27me3 levels in shControl or shCTR9 hMSCs
(shCTRO#3/#5) after 0 to 21 days of osteogenic induction measured by ELISA assays. Data were normalized to the respective total histone H3 levels and shown in minimum
to maximum box blot (+, mean; error bars, SD; n = 6). (E) Immunofluorescence imaging of EZH2 (green), KDM6A (red), and H3K27me3 (cyan) in shControl or shCTR9
hMSCs from days 0 to 21 of osteogenic induction. Nuclei were stained by Hoechst 33342 in blue. Scale bar, 60x (at the bottom right applied to all images).
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Fig. 8B. To investigate whether CTR9 counteracts EZH2 activity in
hMSCs and regulates H3K27me3 dynamics during osteogenic dif-
ferentiation, we measured H3K27me3 levels of acid-purified his-
tones in CTR9 KD and control KD hMSCs during 21-day
osteogenic differentiation. Western blot analysis (Fig. 8C) and
ELISA assay (Fig. 8D) indicates that H3K27me3 levels decreased
during osteogenic differentiation in control KD hMSCs. In contrast,
the basal level of H3K27me3 was elevated in CTR9 KD hMSCs, and
the levels were sustained during 21-day osteogenic induction. These
observations were further reinforced by immunofluorescence
imaging of H3K27me3/EZH2/KDM6A (Fig. 8E). In control KD
hMSCs, EZH2 (H3K27me3 writer) level was decreased and
KDM6A (H3K27me3 eraser) level was increased during osteogenic
differentiation, which coincided with H3K27me3 level decline.
However, in CTR9 KD hMSCs, H3K27me3 levels and EZH?2 expres-
sion were maintained at prominent levels during osteogenic induc-
tion process, whereas KDM6A was weakly induced (Fig. 8E). The
decrease of EZH2 expression and H3K27me3 levels and increase
of KDM6A expression during osteogenic reprogramming is consis-
tent with the published literature that EZH2-KDMG6A axis is the key
epigenetic event during osteogenic differentiation of hMSCs (30,
64). The lack of gradual decline of EZH2 and H3K27me3 as well
as the increment of KDM6 after osteogenic induction in CTR9
KD hMSCs suggest that CTR9 plays a vital role in epigenetic repro-
gramming by controlling the H3K27me3 level in hMSCs. Our data
support the notion that CTR9-governed osteogenic differentiation
of hMSCs is regulated, at least in part, by an epigenetic mechanism
engaging enzymes controlling H3K27me3.

DISCUSSION

We phenotypically examined the roles of CTR9 in regulating lineage
specification of hMSCs. Knocking down CTR9 in hMSCs selectively
affected osteogenic and chondrogenic but not adipogenic differen-
tiation, whereas cell viability and other stem cell properties were not
substatially affected. Our in vitro osteogenic induction of hMSCs
revealed that loss of CTR9 affects both early and late osteogenic dif-
ferentiation. CTR9 KD also impairs the formation of cartilage
matrix and reduces the expression of key chondrogenic markers, in-
cluding SOX9, COL2A1, and aggrecan. On the contrary, CTR9 KD
in hMSCs did not affect adipogenesis. Moreover, we identified
BMP-2 as a major downstream effector of CTRY in early osteogen-
esis and chondrogenesis and showed that CTR9-dependent osteo-
chondral differentiation is epigenetically regulated by EZH2 and
H3K27me3.

The effects of CTR9 on osteochondral differentiation are in con-
formality with the expression of lineage-specific markers by RT-
PCR and immunofluorescence staining. For example, RUNX2/
Osterix mRNA and protein levels were decreased in shCTR9
hMSCs as compared to shControl hMSCs during osteogenic induc-
tion (fig. S2D). Furthermore, our RNA-seq analyses comparing
shControl and shCTR9 MSCs during the early osteogenesis leads
to identification of BMP/SMAD pathway regulated by CTR9
(Fig. 7C). While BMP-2 could partially rescue the defect of CTR9
KD in hMSCs during osteogenic differentiation, additional TFs and
regulators may be regulated by CTR9 as well. A thorough transcrip-
tomic profiling of shControl and shCTR9 hMSCs throughout oste-
ogenic or adipogenic induction could better delineate
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transcriptional networks of pro-osteogenic TFs and signaling path-
ways that temporally activate osteogenic gene program.

We have shown that expression and secretion of BMP-2 are im-
paired in CTR9 KD hMSCs, and supplementing BMP-2 to osteo-
genic and chondrogenic induction medium partially rescues the
osteogenic and chondrogenic defects caused by CTR9 KD (Fig. 7
and fig. S7). These results suggest that BMP-2 might be transcrip-
tionally regulated by CTRY, especially at the onset of osteogenic
commitment stage. A recent study reports that the acute epigenetic
alteration, involving reciprocal gain of H3K4me3 and loss of
H3K27me3, occurred on BMP-2 gene during Ras-induced cell sen-
escence (65, 66). Moreover, co-administration of BMP-2 peptide
with the EZH2 inhibitor promote differentiation of murine osteo-
blasts, suggesting that BMP-2 is epigenetically regulated by EZH2
(31). We have recently shown that CTR9 counteracts EZH2 activity
in breast cells (38). Loss of CTRY resulted in PRC2 subtype switch
and expansion of H3K27me3 repressive domains on chromatin
(38). We thus surmise that BMP-2 is subjected to EZH2/
H3K27me3 repression in hMSCs. Upon osteogenic induction,
CTRY releases the repressive H3K27me3 marker on BMP-2,
leading to activation of BMP-2 signaling in osteogenic progenitor
cells. This model is supported by our finding that the osteogenic
defects associated with CTR9 KD hMSCs could be partially
rescued by an EZH2 inhibitor (Fig. 8, A and B) and sustained
high H3K27me3 levels during osteogenic induction when CTR9
was lost (Fig. 8, C to E), suggesting that PRC2-H3K27me3 mecha-
nisms are conserved in different biological processes and govern
CTR9-mediated osteogenic differentiation. Our finding is consis-
tent with published work that inhibition or depletion of EZH2 en-
hanced osteogenesis (30, 31, 61, 67). However, the differential
requirement of EZH2 and CTRY in adipogenic differentiation of
hMSCs (i.e., EZH2 promotes adipogenesis whereas CTR9 has no
effect) implies that the EZH2-H3K27me3 axis does not account
for all biological effects of CTR9. Therefore, profiling of chroma-
tin-bound histone markers (e.g., H3K4me3 and H3K27me3) and
PRC2 subunits over the course of osteogenesis or adipogenesis
will reveal additional epigenetic players in lineage-specific
differentiation.

While CTR9 is not an essential gene in Saccharomyces cerevisiae
(68), CTR9 knockout causes early embryonic lethality in higher eu-
karyotic organisms such as Drosophila, zebrafish, and mouse (34,
69, 70). The preimplantation defects associated with CTR loss re-
semble the phenotypes in mice that result from lacking core PRC2
subunits SUZ12, EZH2, and Embryonic Ectoderm Development
(EED) (34). Although the function of CTR9 in mouse skeletal de-
velopment has not been investigated, we observed colocalization of
CTR9Y with skeletal muscular progenitor marker HoxA11 (71, 72) in
early embryonic stage (unpublished), warranting further study of
CTRY in determining skeletal differentiation in vivo. Furthermore,
CTR9 single-nucleotide polymorphisms were found associated with
osteoporosis-related Kashin-Beck disease (37). Thus, the patholog-
ical roles of CTR9 mutations and aberrant expression of CTRY in
bone disorders worth further investigation.

The mechanistic understanding of MSC osteogenic and chon-
drogenic differentiation are of utmost importance to elucidate
their roles in maintaining postnatal tissue homeostasis of mesoder-
mal lineage. Lineage-specific differentiation requires not only
lineage-specific TFs but also epigenetic modulators. As lineage-spe-
cific TFs are hard to target, great stride has been made to
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pharmacologically modulate epigenetic enzymes. We found that
either pharmacological inhibition of EZH2 or administrating re-
combinant BMP-2 peptide partially rescues the osteogenic defects
of CTROY loss, both mimic CTR9 protein restoration. The dual de-
livery of reduced amounts of BMP-2 and EZH2 inhibitor has re-
cently been applied for treating bone defects with moderate
adverse effects (i.e., heterotopic bone formation and acute inflam-
mation) (63, 73, 74). CTRY appears to bridge the epigenetic
enzymes (i.e., EZH2) and osteoconductive ligands (e.g., BMP-2)
in osteogenic differentiation of hMSCs. The mechanism-based
therapy holds great promise for treatment of a variety of skeletal dis-
orders. In-depth elucidation of the regulatory network of CTR9 will
uncover more therapeutic targets and improve treatment efficacy
for bone and cartilage diseases.

MATERIALS AND METHODS

Culture of human MSCs

hMSCs in this study were isolated from the bone marrow of three
consenting donors in early passage (H01/H03/H18, p3/p4). hMSCs
from each donor were cultured and assayed independently. Isolated
hMSCs were cultured in basal medium composed of low-glucose
MEMa (Corning), 10% fetal bovine serum (FBS; VWR), and 1% an-
tibiotics (penicillin-streptomycin, Gibco, Thermo Fisher Scientific)
and maintained at 37°C under a humidified atmosphere of 5% CO,.
When reaching over 90% confluency, cells were trypsinized using
TrypLE Express Enzyme (Thermo Fisher Scientific) and replated
at 1000 cells/cm?. Cell culture medium was changed twice a week.
Senescent hMSCs over seven passages will be discarded.

Animal experiment

The in vivo study was performed upon animal protocol approval by
the University of Wisconsin-Madison Institutional Animal Care
and Use Committee. To evaluate bone formation capability,
hMSCs (10° cells/cm?; shControl/shCTR9#3/#5) were preseeded
on the 3D Insert PCL scaffold (3D BioTek) for ectopic implantation.
The hMSC cell ladens were subcutaneously implanted into the
groin of 11- to 12-week-old severe combined immunodeficiency
diseased (SCID) mice (NOD.Cg-Prkdc*ci4112rg"™!"i1/Sz]) (the
Jackson Laboratory). Briefly, scaffolds were inserted into 10-mm in-
cision in mouse and collected after 8 weeks for processing.

Stable CTR9 KD or overexpression in hMSCs

CTR9 was stably knocked down or overexpressed in hMSCs using
lentivirus following our established protocol (38). hMSCs were se-
lected with puromycin (2 pg/ml) for at least 1 week or sorted for
high GFP* to generate stable CTR9 KD or CTR9-overexpressing
hMSCs, respectively. shCTR9#3/#5 are cells separately infected
with either shCTR9#3 or shCTR9#5 lentiviral sShRNAs, and two
cell populations were pooled after puromycin selection for in
vitro differentiation experiments.

In vitro differentiation assay

Expanded hMSCs with shControl and shCTR9#3/#5 were cultured
in osteogenic, adipogenic, or chondrogenic medium to induce the
lineage-specific differentiation in vitro. For osteogenesis, hMSCs
were induced in osteogenic medium composed of 1x MEMa
(Corning), 10% FBS, 1% antibiotics, 10 mM B-glycerophosphate,
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L-ascorbic acid-2 phosphate (50 mg/ml), and 0.1 mM dexametha-
sone (Sigma-Aldrich) for up to 28 days.

For adipogenesis, hMSCs were induced in adipogenic medium
consisting of 1x MEMa, 10% FBS, 1% antibiotics, 1 mM dexame-
thasone, 0.5 mM 3-isobutyl-1-methylxanthine, and insulin (1 mg/
ml) (Sigma-Aldrich) for up to 21 days. For chondrogenesis, 1.5 to 3
x 10° cells were centrifuged at 600g for 5 min to form a high cell
density pellet before induction with chondrogenic medium con-
taining 1x Dulbecco’s modified Eagle's medium ([DMEM], high
glucose), 1% antibiotics, ITS Premix (Corning), 0.9 mM sodium py-
ruvate, L-ascorbic acid-2 phosphate (50 mg/ml), L-proline (40 mg/
ml), 0.1 mM dexamethasone (Sigma-Aldrich), and TGF-p1 (10 ng/
ml) (PeproTech) for 21 days during which the medium was changed
every 3 days.

Western blot
The WB analysis was performed essentially as described (38).

Protein extraction from cellular membrane

Membrane proteins were extracted using the Mem-PER Plus Mem-
brane Protein Extraction Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol. To analyze BMP-2 membrane asso-
ciation, adherent cells were washed with Dulbecco’s phosphate-
buffered saline (DPBS) three times before incubating with cross-
linking reaction buffer (5 mM Sulfo-EGS protein crosslinker in
DPBS) for 30 min at room temperature, and then the reaction
was quenched for 15 min. BMP-2 was extracted using the Mem-
PER Plus Membrane Protein Extraction Kit. Hydroxylamine-HCI
(pH 8.5) was added to a final concentration of 1 M and incubated
with the protein samples for 4 to 6 hours at 37°C on a rotator to
reverse the protein crosslinking. Proteins were concentrated using
Amicon Ultra 3K MWCO centrifugal filters (MilliporeSigma)
before quantification using the Bradford assay (Bio-Rad).

Human BMP-2 ELISA

Serum-free medium and 1 ml of PBS wash buffer were combined
and concentrated using Amicon Ultra 3K MWCO centrifugal
filters (MilliporeSigma) at 4°C. Concentrated supernatant was re-
suspended in 100 pl of ice-cold PBS for measuring the BMP-2 se-
cretion using the Human BMP-2 DuoSet ELISA Kit
(R&D Systems).

Total RNA extraction and real-time qPCR

For 2D monolayer culture, the total RNA was extracted from cells
using the E.Z.N.A HP Total RNA Extraction Kit (Omega) under the
manufacturer’s protocol. For 3D spheroids, the total RNA was ex-
tracted from spheroids using the TRIzol reagent (Invitrogen). The
quantity and quality of total RNA were measured using NanoDrop
1000 (Thermo Fisher Scientific) before reverse transcription using
the SuperScript First-Strand cDNA Synthesis Kit with 6-nucleotide
oligomer random oligos (Invitrogen). The mRNA expression of
genes of interest was determined using the iQSYBR Green Premix
(Bio-Rad), and the mRNA levels were calculated using the pYAS
method with reference to the control 18S ribosomal RNA. The
primer sequences are listed in table SI.

Immunofluorescence staining of cell skeletons in hMSCs
hMSCs with shControl or shCTR9#3/#5 were seeded on 3.5-cm
petri dishes with glass bottom. Cells were fixed in 4% formaldehyde
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for 15 min and then washed with DPBS three times. Subsequently,
cells were permeabilized in 0.3% Triton X-100 in PBS for 10 min,
blocked with 3% bovine serum albumin (BSA) in PBST (PBS + 0.1%
Triton X-100) for 1 hour, and incubated with tubulin (Thermo
Fisher Scientific) at room temperature for 2 hours. Cells were
then washed with PBST, followed by incubation with secondary an-
tibody [1:250; fluorescein isothiocyanate (FITC)—goat anti-mouse
immunoglobulin G (IgG) (H+L); Bethyl Laboratories] for 45 min
at room temperature. After being washed twice in PBST, cells
were incubated with 50 nM Alexa Fluor 555 phalloidin (Cell Signal-
ing Technology) and Hoechst 33342 (10 mg/ml; Cell Signaling
Technology) at 37°C for 15 min and then washed twice in DPBS.
Fluorescence was detected using a Nikon A1R confocal microscope
at appropriate wavelengths at the University of Wisconsin-Madison
Imaging Core.

Cell cycle profiling and senescence-associated 3-
galactosidase staining

To assess the cell cycle distribution, hMSCs were trypsinized, fixed
in cold 95% ethanol, and washed in PBS. The fixed cells were then
resuspended in PI staining solution [ribonuclease A (200 pg/ml), PI
(50 pg/ml), 0.1% (v/v) Triton X-100 in PBS, and 1% BSA] and in-
cubated overnight at 4°C. Samples were analyzed at the University
of Wisconsin Flow Cytometry Laboratory. Data were analyzed using
FlowJo software (version 10, Tree Star). For p-galactosidase stain-
ing, cells were fixed in a 2% formaldehyde/0.2% glutaraldehyde sol-
ution for 5 min followed by X-Gal staining at 37°C overnight.

3D spheroid formation

hMSCs (~2 x 10°) were resuspended in ~250 pl of MEMa medium,
seeded in 96-well round bottom plates with ultralow attachment
(Corning), and centrifuged at 500g for 10 min. 3D spheroid cultures
were grown at 37°C with 5% CO,_ Bright-field images were taken
within 48 hours after cell seeding on a Leica Quick-Check inverted
microscopy. 3D spheroids were harvested after 72 hours and sub-
jected to histological evaluation.

Annexin V and PI staining

Annexin V and PI staining were analyzed by flow cytometry follow-
ing the manufacturer’s protocol. (eBioscience, Annexin V Apopto-
sis Detection Kit FITC, Invitrogen).

BCIP-NBT substrate staining (ALP activity)

For 2D monolayer culture, MSCs were fixed in formalin for 2 min,
incubated with BCIP-NBT substrate solution for 10 min at dark,
and washed with DPBS twice. After image analysis, DNA was ex-
tracted from cells for PicoGreen Assay. For 3D ectopic bone forma-
tion, a quarter of sectioned scaffolds were fixed with 3.7%
formaldehyde for 5 min, stained with BCIP-NBT staining solution
for 15 min, followed by PBST wash and acquisition of digital images
of stained scaffolds.

Picrosirius red staining

For 2D monolayer culture, cells were fixed in formalin for 10 min,
incubated in 0.1% Picrosirius red solution for 1 hour, followed by
washing in 0.5% acetic acid and distilled water before subjected for
bright-field imaging. For 3D spheroids or 3D ectopic bone forma-
tion, deparaffinized spheroid or scaffold sections were rehydrated.
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Nuclei were stained with Weigert's hematoxylin (Sigma-Aldrich),
and collagen was stained in Picrosirius red solution.

Alizarin Red S staining

For 2D monolayer culture, cells were fixed in 60% isopropanol and
stained with Alizarin Red S staining solution [Alizarin Red S (20
mg/ml), pH 4.1 to 4.3, 0.22 um filtered] for 45 min in the dark.
For scaffolds, a quarter of scaffolds were fixed with 3.7% formalde-
hyde at 37°C for 24 hours and then stained with Alizarin Red S
(10 mg/ml).

Human osteocalcin/osteopontin ELISA

For 2D monolayer culture, serum-free medium supernatant as well
as 1 mL PBS that rinsed with monolayer surface were collected and
concentrated using a Amicon Ultra 3K MWCO Centrifugal Filters
(Millipore Sigma) at 4°C. Concentrated supernatant was resuspend-
ed in ice-cold PBS in a final volume of 100ul. For scaffolds, a quarter
of scaffolds were rinsed with PBS and frozen until assay. Thawed
scaffolds were incubated in 0.5 mL of 0.5 M HCI for 30 mins at
37[?] followed by neutraliztion of 1M NaOH. Amount of Osteocal-
cin or Osteopontin in secrection or extracts were measured by Os-
teocalcin Human ELISA Kit (Invitrogen) or Human Osteopontin
ELISA Kit (Sigma Aldrich) per manufacturer’s protocol, respective-
ly. Genomic DNA extraction from monolayer cell culture or scaf-
folds followed by Pico Green quantification is used for data
normalization.

Oil Red O staining
Oil Red O staining was performed using standard protocol (61).

Quantification of cholesterol and FFAs from total lipids
Total lipids were extracted from cells as described (75).

Preparation of 3D spheroids embedding FFPE

Cell pellets were fixed in 4% formaldehyde, dehydrated by a series of
gradient ethanol, infiltrated with xylene, and then embedded in par-
affin. Embedded cell pellets were cut into 8-mm sections with a
microtome.

Alcian blue staining

Deparaftinize FFPE slides and rehydrate through a series of gradient
ethanol to distilled water at the final. Stain the spheroid sections in
Alcian blue solution [Alcian blue 8GX (1 mg/ml; Thermo Fisher
Scientific) and 3% acetic acid (pH 2.5)] for 30 min with 2 min
rinse in running tap water afterward. Counterstain the sections in
nuclear fast red solution [nuclear fast red (1 mg/ml; Sigma-Aldrich),
5% aluminum sulfate (Fisher Scientific), 0.8 pum filtered, and 1%
thymol preservative (Sigma-Aldrich) added]. Wash the slides in
running tap water for 1 min. Dehydrate the slides through 70 to
100% ethanol and clear in xylene. Coverslip the slides with resinous
mounting medium at last.

Toluidine blue staining

Deparaftinize FFPE slides and rehydrate through a series of gradient
ethanol to distilled water at the final. Stain the spheroid sections in
toluidine blue working solution [toluidine blue O (1 mg/ml; Sigma-
Aldrich), 7% EtOH, and 1% NaCl (pH 2.3 to 2.5)] for 3 min with
three times wash of distilled water afterward. Quickly dehydrate the
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slides through 70 to 100% ethanol and clear in xylene. Coverslip the
slides with resinous mounting medium at last.

DMMB staining

Deparaffinize FFPE slides and rehydrate through a series of gradient
ethanol to distilled water at the final. Stain the spheroid sections in
DMMB staining solution [0.1% (w/v) dimethyl-methylene blue
(Sigma-Aldrich) dissolved in distilled water] for 5 min followed
by three times wash of distilled water. Quickly dehydrate the
slides through 70 to 100% ethanol and clear in xylene. Coverslip
the slides with resinous mounting medium at last.

GAGs quantification

To examine chondrogenic differentiation, cell pellets were digested
with papain solution and detected the GAG content with the
DMMB assay (Sigma-Aldrich). The total GAG amount was
further normalized with the DNA content measured separately by
the PicoGreen assay (Thermo Fisher Scientific). All procedures fol-
lowed the manufacturer’s instructions.

ALP histological staining

ALP histological staining was performed using SIGMAFAST Fast
Red TR/Naphthol AS-MX Tablets (Sigma-Aldrich) under manufac-
turer’s protocol.

Von-Kossa and Masson's trichome staining
Von-Kossa and Masson's trichome staining were performed as de-
scribed (27, 76).

Flow cytometry analysis of osteo—/adipogenic markers

For analysis of osteogenic markers, hMSCs were incubated with al-
lophycocyanin (APC)—conjugated CD73/CD90 antibodies (eBio-
science) or Alexa Fluor 488—conjugated Osteopontin/Osteocalcin
antibodies (Abcam). For adipogenic markers, cells were incubated
with APC-conjugated CD73/CD90 antibodies (eBioscience) or
DyLight 488—conjugated PPARY antibody (Cell Signaling Technol-
ogy) followed by BODIPY 493/503 labeling.

Immunofluorescence staining

For analysis of osteogenic markers, hMSCs were incubated with
RUNX2 (rabbit, Cell Signaling Technology) or osteocalcin
(mouse, Novus Biologicals) primary antibodies followed by respec-
tive FITC-conjugated whole IgG or Cy3-conjugated Fab Fragments
secondary antibodies [Alexa Fluor 488 goat anti-rabbit IgG (H+L),
Invitrogen; Cy3 AffiniPure Fab Fragment Goat Anti-Mouse IgG
(H+L), Jackson ImmunoResearch]. APC-conjugated CD73/CD90
antibodies (mouse, eBioscience) and corresponding secondary an-
tibody [Cy5-goat anti-mouse IgG (H+L), Bethyl Laboratories] were
lastly applied.

For analysis of adipogenic markers, cells were simultaneously in-
cubated with PPARYy (rabbit, Cell Signaling Technology) and APC-
conjugated CD73/CD90 primary antibodies (mouse, eBioscience),
followed by respective secondary antibodies [Cy3-goat anti-rabbit
IgG (H+L); Cy5-goat anti-mouse IgG (H+L), Bethyl Laboratories].
Lipid droplets were further stained by 2 uM BODIPY 493/503 at
37°C for 15 min followed by PBS wash.

For analysis of chondrogenic-related markers, paraffin-embed-
ded spheroids are deparaffinized and rehydrated followed by
antigen retrieval. After washing in distilled water, sections were
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permeabilized with 0.25% Triton X-100 in PBS and incubated
with primary antibodies and fluorophore-conjugated secondary
antibodies.

Cells on scaffolds were fixed with 3.7% formaldehyde for 15 min,
washed in DPBS, and permeabilized with 0.2% Triton X-100 for 10
min. Human specific osteocalcin antibody (Novus Biologicals,
#MAB1419) and FITC-conjugated secondary antibody [FITC-
goat anti-mouse IgG (H+L), Bethyl Laboratories] were used for os-
teocalcin staining. Alexa Fluor 555—-Phalloidin (100 nM in PBS, In-
vitrogen) and Hoechst (1 pug/ml in PBS buffer, Cell Signaling
Technology) were used to stain for F-actin and nuclei, respectively.

Confocal microscopy of scaffolds

Confocal microscopy (Nikon Upright FN1 microscope) was used to
measure osteocalcin enrichment and mineralization using scaffolds
soaked in DPBS (not air-dried). High-resolution z-stack images
were captured with a 10x/0.80 air immersion objective (1-mm z-
step size) for nuclei (Hoechst, 33342), F-actin (Alexa Fluor
555-Phalloidin), and human specific Osteocalcin (Novus Biologi-
cals; human specific osteocalcin antibody).

Ectopic bone formation measured by micro-CT

hMSCs (1 x 10%/cm?) were induced with osteoinduction medium
for 7 days in vitro, embedded into 3D PCL scaffolds, followed by
implanting subcutaneously into the dorsal surface of 8- to 10-
week-old male non-obese diabetic (NSD) mice. The whole mice
were subjected to in vivo micro-CT scanning after 4 or 8 weeks of
implantation using Inveon hybrid microPET/CT scanner
(Siemens). The region of interest (ROI) of the implanted scaffold
was defined for analysis in Inveon Research workspace 4.2
(Siemens Healthineers). Mineralization was evaluated by calculat-
ing the volume and intensity of mineralized tissue in the ROL

RNA-seq and data analyses

The RNA-seq library was prepared using the SMARTer Stranded
Total RNA-Seq Kit v2-Pico Input Mammalian Kit (Takara Bio).
Qualified libraries were deep-sequenced using an Illumina
NextSeq 500 at the Northwestern University (NUseq core).
Trimmed RNA sequencing reads were aligned to the transcript an-
notation of human reference genome (hg38.ncbiRefSeq.gtf) using
STAR (v2.7.9a). Duplicated reads and reads with low mapping
quality were eliminated by Sambamba tools (v0.7.1). FeatureCounts
(subread package, v2.0.1) was used to count reads as a measure of
gene expression. Differential expressed genes were identified by
DESeq2 (v1.36.0) in R with false discovery rate < 0.05.

Statistical analysis

Statistical comparisons between two groups were performed with
GraphPad Prism software 8.0 using an unpaired two-tailed ¢ test
with a Welch correction or paired two-tailed Student's ¢ test. The
sample size (n) was indicated in the figure legends. Details for
data analyses and statistical significance were described in the Ma-
terials and Methods or figure legends.

Supplementary Materials

This PDF file includes:

Figs. S1 to S7

Table S1

View/request a protocol for this paper from Bio-protocol.
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