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Systematic transcriptome profiling of hPSC-derived
osteoblasts unveils CORIN’s mastery in governing
osteogenesis through CEBPD modulation
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The commitment of stem cells to differentiate into osteo-
blasts is a highly regulated and complex process that involves
the coordination of extrinsic signals and intrinsic transcrip-
tional machinery. While rodent osteoblastic differentiation has
been extensively studied, research on human osteogenesis has
been limited by cell sources and existing models. Here, we
systematically dissect human pluripotent stem cell-derived
osteoblasts to identify functional membrane proteins and
their downstream transcriptional networks involved in human
osteogenesis. Our results reveal an enrichment of type II
transmembrane serine protease CORIN in humans but not
rodent osteoblasts. Functional analyses demonstrated that
CORIN depletion significantly impairs osteogenesis. Genome-
wide chromatin immunoprecipitation enrichment and mech-
anistic studies show that p38 MAPK-mediated CCAAT
enhancer binding protein delta (CEBPD) upregulation is
required for CORIN-modulated osteogenesis. Contrastingly,
the type I transmembrane heparan sulfate proteoglycan SDC1
enriched in mesenchymal stem cells exerts a negative regula-
tory effect on osteogenesis through a similar mechanism.
Chromatin immunoprecipitation-seq, bulk and single-cell
transcriptomes, and functional validations indicated that
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CEBPD plays a critical role in controlling osteogenesis. In
summary, our findings uncover previously unrecognized
CORIN-mediated CEBPD transcriptomic networks in driving
human osteoblast lineage commitment.

The human skeletal system plays a crucial role in providing
both static and dynamic stability to the body. The development
of skeletal elements during embryogenesis, as well as the
ongoing remodeling of bone in the adult, require a delicate
interplay of developmental cues, signaling proteins, tran-
scription factors, and their associated coregulatory proteins.
This process supports the differentiation of osteogenic lineage
cells from the initial mesenchymal stem cells (MSCs) to
mature osteocytes in mineralized connective tissues (1). The
synthesis, deposition, and mineralization of extracellular ma-
trix are key functions of specialized cells called osteoblasts,
which are responsible for the formation and maintenance of
skeletal architecture. Osteoblasts, as the primary cells
responsible for bone formation and maintenance, play a crucial
role in extracellular matrix protein production, including
collagen and osteocalcin, matrix mineralization, and differen-
tiation of osteoclasts (2). Dysregulation of osteoblast functions
can result in a variety of bone-related disorders such as oste-
oporosis, osteopenia, osteogenesis imperfecta, and osteosar-
coma (3, 4), suggesting a crucial role of osteoblasts in
maintaining bone homeostasis.
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Transcriptome profiling of hPSC-derived osteoblasts

The osteogenic process involved in osteoblast differentia-
tion from MSCs remains incompletely understood. Osteoblast
commitment and differentiation are regulated by a complex
interplay between signal transduction and transcriptional gene
regulation. Recent advances in molecular and genetic studies
have revealed several signaling cascades that play critical roles
in osteoblast development, such as the Wnt, transforming
growth factor-B (TGF-f), Hedgehog, fibroblast growth factor,
ephrin, and sympathetic P2-adrenergic receptor signaling
pathways (1). These intracellular signaling pathways are
essential for transducing external signals into internal pro-
cesses to promote lineage differentiation, such as the activation
of intercellular transcriptional profiles. Several osteoblastic
transcription factors functioning downstream of these
signaling systems have been identified in mouse models for
their critical functions in bone development. They included
Runx2, Osterix/Sp7, Atf4, Satb2, and B-Catenin (1). However,
it remains unclear how upstream signals, such as membrane
proteins and cascades, fine-tune the activities of these tran-
scriptional factors and transmit extracellular signals to intra-
cellular transcriptional machinery, ultimately leading to
osteoblast differentiation and maturation in humans.

While mouse models are commonly utilized to study
osteogenesis, it is important to recognize that the genetic and
molecular processes involved in bone development vary be-
tween species. Critical genes involved in human bone devel-
opment may be absent in mice, and vice versa. Unfortunately,
access to human bone tissue is often limited, which has hin-
dered our ability to study human osteogenesis. This makes
validating findings from rodent model systems a challenging
task. Additionally, osteoblast-specific cell surface markers used
to define functional human osteoblasts, such as membrane
proteins, are not well-characterized. Therefore, a deeper un-
derstanding of the mechanisms by which membrane proteins
and developmental signals regulate gene expression through
transcription factors is needed in order to bridge this knowl-
edge gap and develop more effective treatments for bone-
related disorders.

Type II transmembrane serine protease CORIN, also known
as atrial natriuretic peptide-converting enzyme, plays a crucial
role in regulating cardiovascular physiology (5). The main
function of CORIN is to activate natriuretic peptides, specif-
ically atrial natriuretic peptide (ANP) and brain natriuretic
peptide by cleaving them from their inactive precursor forms
(6, 7). This cleavage is a crucial step in the physiological
response to cardiac stress and is essential for maintaining
cardiovascular homeostasis. These natriuretic peptides are key
regulators of blood pressure and fluid balance. When released
in response to increased atrial pressure or stretching of the
heart walls, ANP and brain natriuretic peptide promote
vasodilation, increase sodium excretion by the kidneys, and
suppress the release of renin and aldosterone—actions
collectively aimed at reducing blood volume and pressure.
Therefore, CORIN plays a pivotal role in the regulation of
blood pressure and fluid balance, contributing to overall car-
diovascular health. Dysregulation of CORIN activity has been
implicated in various cardiovascular disorders, emphasizing its
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importance in maintaining proper cardiovascular function.
While CORIN is notably expressed primarily in the atria, it
remains unclear whether CORIN could also be expressed and
play a role in bone development, particularly in osteoblasts.

Type I transmembrane heparan sulfate proteoglycan
syndecan-1 (SDC1), has been found to be a critical modulator
of bone-cell communication through the nuclear factor kappa-
B ligand (RANKL)/osteoprotegerin axis (8), which is one of the
major regulators of bone resorption and osteoclastogenesis.
Knockdown of SDC1 in human MSCs has been shown to
result in a proadipogenic phenotype, followed by enhanced
maturation of osteoblasts during subsequent osteogenic dif-
ferentiation (9). This implicates SDC1 as a facilitator of human
MSC osteo-adipogenic balance during early induction of
lineage differentiation. Furthermore, in the context of multiple
myeloma (MM)-associated bone disease, which is character-
ized by severely impaired osteoblast activity resulting from
disrupted osteogenesis, MM cell-derived SDC1" circulating
extracellular vesicles have been found to inhibit osteogenesis
of bone marrow-derived MSCs (10), implying that SDC1 and/
or its regulated signaling in MM cell-derived SDC1" circu-
lating extracellular vesicles can directly impair normal osteo-
genesis. However, it remains unclear whether SDC1 plays a
role in regulating osteogenesis.

Therapies using engineered bone tissue derived from
human-induced pluripotent stem cell (hiPSC)-derived osteo-
blasts have been proposed as a potential treatment for osteo-
porosis and related disorders of bone mineral density (11).
Studies have shown that hiPSC-derived osteoblasts share many
characteristics with bone marrow-MSC-derived osteoblasts
and primary osteoblasts, including the secretion of organic
matrix substances and the production of bone minerals
(12-16). In this study, we aimed to identify osteoblastic
membrane proteins and their regulated transcriptome net-
works in functional osteoblasts derived from human pluripo-
tent stem cells (hPSCs), including both human embryonic
stem cells (hESCs) and hiPSCs. We found that CORIN posi-
tively modulates human osteogenesis and osteoblast identity,
whereas SDC1 negatively regulates these processes. Further
analysis of the CORIN-modulated transcriptome revealed that
upregulation of CCAAT enhancer binding protein delta
(CEBPD), activated by the p38 mitogen-activated protein ki-
nase (MAPK), is critical to the downstream signaling cascade
that governs osteoblastic differentiation. In contrast, the type I
transmembrane heparan sulfate proteoglycan SDC1 negatively
regulates these processes. In summary, our study highlights the
important role of cell membrane proteins as potential osteo-
blastic markers governing osteoblast function in human
osteogenesis.

Results

hPSC-derived osteoblasts recapitulate functional osteoblast
characteristics

To gain insight into the crucial signals regulating osteo-
genesis and osteoblast lineage commitment in humans, we
used a cellular model based on osteoblasts derived from
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hPSCs. These cells share many features with osteoblasts
derived from bone marrow MSCs and primary osteoblasts,
including the secretion of organic matrix and the production
of bone minerals (11, 17). Using a previously described two-
stage differentiation process (14, 16), three hESC lines (H1,
H9, and HES2) and five WT hiPSC lines (WT-1H, WT-1G,
WT-1J, WT-F6, and WT-F37) were differentiated to multi-
potent MSCs and then to osteoblasts (Fig. 14 and S1A). The
three hESC lines used in this study were commercial cell
lines, whereas the five WT hiPSC lines were derived from
healthy fibroblasts in our laboratory (14, 16, 18). The high
purity (>95%) of hPSC-derived MSCs was validated by the
expression of MSC markers CD73, CD105, and CD166
(Fig. S1A). Osteoblast identity and maturity were verified by
the identification of matrix mineralization on Alizarin Red S
(ARS) staining (Fig. 1A). We then investigated and compared
global transcripts among hPSC-derived MSCs and osteo-
blasts. The extracted RNAs were isolated at four time points
during the course of differentiation (day 0, MSCs; day 15-18,
preosteoblasts; day 21-24, maturing osteoblasts; and day 27,
mature osteoblasts). Expression profiles of time-course
samples analyzed by Spearman’s correlation and principal
component analysis demonstrated that gene expression pro-
files of preosteoblast, maturing osteoblast, and mature oste-
oblast samples clustered together and distinctly from MSC
samples (Fig. 1, B and C), indicating significant transcriptome
changes during differentiation from MSCs to osteoblasts. We
observed a distinct separation of transcriptome profiles be-
tween MSCs and osteoblasts at various stages of differentia-
tion (Fig. 1C). Mouse Gene Atlas and MGI Mammalian
Phenotype analyses demonstrated that genes upregulated in
preosteoblasts, maturing osteoblasts, and mature osteoblasts
are also enriched in differentiating mouse osteoblast gene
profiles (day 14 and 21); these same genes are also involved in
abnormal skeletal development (Fig. 1, D and E). On the
other hand, genes downregulated in preosteoblasts, maturing
osteoblasts, and mature osteoblasts were most highly
expressed in the early stages of differentiating mouse osteo-
blasts (day 5), bone marrow cells, and MSC-like cells; these
genes were also involved in cell cycle dysregulation of MGI
mammalian phenotypes (Fig. 1, D and E). Gene Ontology
biological process (GO_BP) analysis showed that genes
related to extracellular structure organization, bone miner-
alization, regulation of ossification, and osteoblast differen-
tiation development are enriched in osteoblasts; in contrast,
genes related to the regulation of the mitotic cell cycle, DNA
replication, and DNA metabolic process are enriched in un-
differentiated MSCs (Fig. 1F and S1, B and C). The enriched
expression of genes involved in bone development (ANKH,
CLEC3B, IGF2, JUNB, PDGFRB, and PRRX1) (19-23),
osteogenesis imperfecta genes (COL1A1, COL1A2, SER-
PINF1, and CRTAP) (24), osteoporosis (CLCN7) (25), and
Paget’s disease of bone (SQSTM1) (26) (Fig. S1, D and E)
were detected in hPSC-derived osteoblasts compared to
MSCs. Collectively, these findings provide compelling evi-
dence that osteoblast-like characteristics are recapitulated by
osteoblasts derived from hPSCs.

SASBMB
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Identification of enriched membrane proteins in osteoblasts
through systematic analysis of osteoblast-specific gene
clusters

To identify genes contributing to functional osteoblasts, we
analyzed the gene expression patterns of hPSC-derived MSCs
and osteoblasts at key time points during osteogenic differ-
entiation, reflecting progressive differentiation from MSCs
through mature osteoblasts, and grouped them into 12 gene
expression clusters (Fig. 24, left panel). Enrichr analysis of
these 12 clusters by GO_BP revealed that genes enriched in
Cluster 6 (C6, genes gradually upregulated during osteo-
genesis) are highly associated with bone development pro-
cesses including skeletal system development, extracellular
matrix organization, regulation of osteoblast differentiation,
positive regulation of ossification, and bone morphogenesis
(Fig. 24, right panel). Conversely, Cluster 12 genes (C12, genes
gradually downregulated during osteogenesis) are highly
associated with cell cycle events including DNA replication,
sister chromatid segregation, and the G2/M transition of the
mitotic cell cycle (Fig. 24, right panel). These findings point to
the critical role of C6 and C12 genes in regulating osteogenesis
and maintaining bone homeostasis.

Cell membrane protein and surface receptor-mediated
signaling play a critical role in regulating gene expression as
part of lineage determination. We hypothesized that during
our differentiation process, osteoblasts and their precursors
would express a set of unique membrane proteins corre-
sponding to osteoblastic gene signatures that would distin-
guish them from other cell populations differentiating into
other lineages and thereby permit quantification of osteo-
blastic development and maturation during this process. With
this in mind, we focused on the differential expression of 389
clusters of differentiation (CD) molecules and cell membrane
proteins in C1-C12. Among these CD molecules and mem-
brane proteins, CORIN, IL1R1, APOD, TGFBR2, ADAMTSL4,
SERPING1, MME (also known as CD92), VCAMI, and LEPR
were enriched in osteoblasts, while AMIGO2, CDH13, PVR,
and SDC1 were enriched in MSCs (Fig. 2B). Hierarchical
clustering of their expression profiles in distinct osteogenic
stages demonstrated that the expressions of C6 genes CORIN,
IL1R1, TGFBR2, ADAMTSL4, SERPING1, VCAM], and LEPR
are initiated at the very beginning of osteogenesis and increase
through the entire osteogenic process; the expressions of C3
genes CD82 and MME are highly enriched in preosteoblasts
and maintain the same level during osteogenesis; and the ex-
pressions of C12 genes SDC1, PVR, CDH2, CDH13, and
AMIGO?2 are particularly enriched in MSCs and dramatically
decrease in early osteogenesis (Fig. 2C). The enriched
expression of these cell membrane proteins in osteoblasts was
confirmed by real-time quantitative PCR (RT-qPCR) in an
independent experimental setting (Fig. 2D). These significant
differences were further validated in multiple MSC types
differentiated to mature osteoblasts using SB-431542/7.5%-
induced MSCs (16), adipose tissue-derived human MSCs
(ad-HMSCs), bone marrow-derived human MSCs (bm-
HMSCs), and preosteoblast line hFOB (Fig. 2, E-G). Consis-
tent with our results, a number of membrane proteins that are
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Figure 1. hPSC-derived osteoblasts recapitulate functional osteoblast characteristics. A, the morphology of hESCs (H9) and hiPSCs (WT1-G, WT-1H, and
WT-F6) at different stages: MSCs, preosteoblasts (Pre-OBs), maturing osteoblasts (Mat OBs), and osteoblasts (OBs). ARS staining revealed matrix minerali-
zation in MSCs, preosteoblasts, maturing osteoblasts, and osteoblasts. The scale bar represents 100 mm. B, Spearman'’s correlation of the RNA-seq results of
hESC and hiPSC-derived MSCs, preosteoblasts, maturing osteoblasts, and mature osteoblasts. The pairwise correlation ranges from 0.91 (blue) to 1 (orange).
G, principal component analysis (PCA) was used to calculate and compare the gene expression data of MSCs (light blue), preosteoblasts (Pre; green),
maturing osteoblasts (Mat; orange), and osteoblasts (OBs; dark red). The two axes, PC1 and PC2, represent the first two principal components identified by
the analysis. Squares indicate hESC-derived cells, while circles indicate hiPSC-derived cells. The grouping of MSCs, as well as Pre, Mat, and OBs, is outlined. D
and E, Mouse Gene Atlas (D) and MGl Mammalian Phenotype (E) analyses indicate that the genes enriched in preosteoblasts (Pre-OBs), maturing osteoblasts
(Mat OBs), and osteoblasts (OBs) are most significantly expressed in late-stage mouse osteoblasts (day 14 and 21) and associated with abnormal skeletal
development, while genes enriched in MSCs are most highly expressed in early-stage mouse osteoblasts (day 5) and associated with cell cycle dysre-
gulation. F, upper left graph: GSEA analyses identified Gene Ontology biological processes (GO_BP) from a collection of 7525 gene sets enriched in MSCs or
osteoblasts. GO_BP gene sets enriched (orange, corresponding to a positive normalized enrichment score (NES)) or depleted (green, corresponding to a
negative NES) in the transcriptome of osteoblasts compared to MSCs are shown. Enriched gene sets are selected based on statistical significance
(normalized p-value < 0.05 and FDR g-value < 0.25). Upper center-right panels: heatmap of significantly altered GO_BPs in preosteoblasts (Pre-OBs),
maturing osteoblasts (Mat OBs), and mature osteoblasts (OBs). Lower panel: GSEA leading edge analysis demonstrates the overlap between gene sets
enriched in osteoblasts or MSCs. ARS, Alizarin Red S; FDR, false discovery rate; GO_BP, Gene Ontology biological process; GSEA, gene set enrichment
analysis; hESC, human embryonic stem cell; hiPSC, human-induced pluripotent stem cell; hPSC, human pluripotent stem cell; MGI, Mouse Genome
Informatics; MSC, mesenchymal stem cell.
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Figure 2. Systematic transcriptome analyses of hPSC-derived cells reveal enriched membrane proteins in human osteoblasts. A, left panel: Cluster
analysis of the gene expression patterns during osteogenesis. The horizontal axis represents the stages of osteoblast development: MSCs, preosteoblasts
(Pre), maturing osteoblasts (Mat), and osteoblasts (OBs). The vertical axis represents FPKM values using 2 as the logarithmic base of a gene at different
developmental stages. The red lines indicate the change in gene expression level between samples. Right panel: GO_BP pathway analysis of 12 gene
expression clusters showed the enrichment of genes involved in different biological processes as indicated. B, left panel: diagrammatic depiction of stages
of osteogenesis. Right panel: RNA-seq analysis of hPSC-derived osteoblasts revealed the enriched expression of AMIGO2, CDH13, CDH2, PVR, and SDC1 in
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showing the differential expression of identified membrane proteins during osteogenesis. The enriched membrane proteins in osteoblasts are in Clusters 3
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known to regulate osteogenesis, such as IL1R1 (27), TGFBR2
(28), and MME (29), have previously been shown to be
involved in sustaining osteoblast identity and facilitating bone
development. In summary, our findings indicate that hPSC-
derived osteoblasts offer a promising platform to elucidate
osteoblast-specific gene clusters and identify key osteogenic
molecules and signaling pathways in humans.

Functional validation of membrane proteins CORIN and SDC1
in regulating osteogenesis and bone formation

Upon analyzing the expression of these membrane proteins
identified in hPSC-derived osteoblasts in mouse tissues, we
observed that most of the C3 and C6 genes (IL1R1, TGFBR2,
ADAMTSL4, SERPING1, VCAMI, LEPR, and MME) are
highly expressed in bone, bone marrow, and osteoblasts.
CD82, on the other hand, is enriched in bone and bone
marrow (Fig. S24), suggesting the evolutional conservation of
their roles in regulating osteogenesis. Interestingly, while the
C6 gene CORIN, a transmembrane serine protease acting as a
pro-ANP-converting enzyme, is enriched in differentiated
human osteoblasts, it does not appear to be expressed in
mouse bone tissues (Fig. S24), implying that CORIN may have
a unique role in regulating osteogenesis in humans that is not
present in rodents. Moreover, SDC1 displays decreased
expression during human osteogenesis, but not in rodent
models (Fig. S2A). Due to the unclear understanding of the
roles of CORIN and SDCI in regulating osteogenesis, we have
intentionally chosen to conduct a more in-depth investigation
into these proteins and the cellular signaling pathways they
regulate in the context of osteogenesis.

We first evaluated the protein expression of CORIN and
SDC1 using flow cytometry. Our analysis revealed a marked
increase in CORIN expression and a significant reduction in
SDC1 expression in osteoblasts compared to MSCs (Figs. 3A
and S2B), which is consistent with our RNA-seq and RT-qPCR
findings. Immunohistochemistry (IHC) staining for CORIN
and SDC1 proteins in the human femur bone tissues revealed
expression of CORIN but not SDC1 in trabecular bone
(Fig. 3B). Interestingly, CORIN was not expressed in mouse
tibial bone tissue (Fig. S2C), suggesting that CORIN may have
functions specific to human bone development. Notably, SDC1
protein was not detected in mouse tibia bone (Fig. S2C), which
is consistent with transcriptome data from Mouse Gene Atlas
MOE430 (Fig. S2A), implying that posttranslational regulation
of SDCI mRNA may be involved in rodent bone formation. To
determine the precise role of CORIN and SDC1 in human
osteoblast differentiation, we depleted CORIN or ectopically
expressed tetracycline (Tet)-inducible SDC1 in hPSC-derived

osteoblasts. Both CORIN depletion as well as ectopic SDC1
expression led to impaired expression of the osteoblastic genes
COL1Al1, PTHIR, and BGLAP, and transcription factor
RUNX2 upon osteogenesis (Fig. 3C). ARS staining validated
impaired osteoblastic differentiation and decreased mineral
deposition in CORIN-depleted and SDC1-overexpressed os-
teoblasts (Fig. 3D). To examine the role of CORIN and SDC1
in three-dimensional (3D) bone formation, we used gelatin
methacrylate (GelMA) scaffolds, because their biomechanical
properties can be tuned to closely resemble tissues of interest
and their extracellular matrix, including trabecular bone ma-
trix (30). We cultured CORIN-depleted or SDCI-
overexpressed MSCs in GelMA discs (Fig. 3, E-G) and then
differentiated them into osteoblasts. Control MSC (shCtrl
(control shRNA) and Vector)-seeded matrices demonstrated
the progressive formation of calcified tissue after 6 weeks of
culture in osteogenic differentiation conditions by 3D micro-
computed tomography (Fig. 3, H and J, left panels). In contrast,
CORIN knockdown or SDC1 overexpression in MSCs was
associated with impaired osteoblastic calcification (Fig. 3, H
and 7, left panels), lower bone mineral density, and lower bone
volume/total tissue volume ratios in 3D GelMAs (Fig. 3, H and
I, middle and right panels). Together, our functional studies
suggest the essential roles of CORIN and SDCI in regulating
human osteoblast function and bone formation.

Transcriptome analysis dissecting the impact of CORIN and
SDC1 on the gene signature associated with osteoblasts

Next, we sought to understand the role of CORIN and
SDC1 in osteogenesis. To achieve this, we examined the
altered transcriptomes of osteoblasts that were either depleted
of CORIN or overexpressed with SDC1 and subjected them to
RNA-seq. Analysis of differentially expressed genes using
volcano plots revealed that several genes involved in cellular
matrix formation and bone development were significantly
downregulated upon CORIN knockdown or SDC1 over-
expression. These genes included COL14A1, COL21A1, and
IGF2 in CORIN-depleted osteoblasts, and PDGFRB, MMP28,
and WNT3A in SDC1-overexpressed osteoblasts (Fig. 44). By
investigating these changes, we were able to gain insight into
the mechanisms by which CORIN and SDCI1 regulate osteo-
genesis. Screening for overlapping differentially expressed
genes in CORIN-knockdown and SDCl-overexpression sam-
ples, we identified 144 genes that were codownregulated and
154 genes that were coupregulated (Fig. 4B). Mouse Gene
Atlas analyses by Enrichr indicated that downregulated genes
in CORIN-depleted and SDC1-overexpressed osteoblasts are
significantly enriched in the later stages of mouse osteoblast

and 6. The enriched membrane proteins in MSCs are in Cluster 12. D, RT-qPCR validated the upregulation/downregulation of the identified membrane
proteins in multiple hPSC-derived osteoblasts as biological repeats (WT-1H, WT-1G, WT-1J, WT-F6, and WT-F37) compared to MSCs. MSCs were derived from
hPSCs using the bFGF/PDGF-AB method. £, RT-gPCR demonstrated the upregulation/downregulation of the identified membrane proteins in H1, WT-F6, and
WT-F37 hPSC-derived osteoblasts compared to MSCs. MSCs were derived from hPSCs using the SB-431542/7.5%C0O, method. (n = 3, mean + S.D.). F, RT-
gPCR demonstrated the upregulation/downregulation of the identified membrane proteins in osteoblasts differentiated from ad-HMSCs and bm-HMSCs.
(n =3, mean + S.D.). G, RT-gPCR demonstrated the upregulation/downregulation of the identified membrane proteins in hFOB-differentiated osteoblasts.
(n = 3, mean £ S.D.). ad-HMSC, adipose tissue-derived human MSC; CD, clusters of differentiation; FPKM, Fragments Per Kilobase per Million mapped
fragments; GO_BP, Gene Ontology biological process; HMSC, human MSC; hPSC, human pluripotent stem cells; MSC, mesenchymal stem cell; RT-gPCR, real-
time quantitative PCR; SDC1, syndecan-1; TGF-B transforming growth factor-f3.

6 . Biol. Chem. (2024) 300(8) 107494

SASBMB



Transcriptome profiling of hPSC-derived osteoblasts

CORIN Cell counts: 10,000 sbc1 Goat IgG y Ol [CORIN: L - - X
YL s ARe D 4 %, Bay o & ¥t
100 100 ¢ Wiy oy > o s :
J o I D S T LA
80 80 [ PR e o S e IS O SR WP 38 . ! L8 3
@ @ H AR A . ] ot s A = & fzzjf?;?
g S s . i 1 Bld 8
S 60| S 60 | \ i y Vi | g .-
s 3 99.70 . e | Bea - | | 25Hum -
5 w0 5 ] / ~ —
S 3 / SDC1 *
—_— SCs =
7] -~ Oftegblasts ‘\
. 98.5%)/ 3 - 7
0 ey 0 S e ;
0 10? 0 10 10° 10t 10° Vi LE ' > =
Fluorescence Intensity Fluorescence Intensity b 25 pn: “«
C D shCtrl shCORIN-3
15+ - -
57 3 shctl [ ShCORIN-3 [ ShCORIN-4 40-
- P=0.0000 [J Vector [ SDC1
¥ o2
5 3 5
E g i
Q Q
o o~ o
o S »
= 3 o 201 3
I3 =] g o =
c 1 & 2T © 0
& . g 5 S 5 2
S ] S 1 1 =]
ko) el S o o <
[s] = . g S
) . r H'Ei I | l | | t 6I-l
1 0 1 1 1
BGLAP SDC1 COL1A1 PTH1R1 BGLAP  RUNX2
E 07}— H shctrl ShCORIN

80
M - 3 Wks 600+ g
. methacrylic anhydride o o = 60
Gelatin 400+ E
S
o

0.0001
0.0072

200+

Bone mineral density
(mg HA/ccm)

HN N § :

o . =Z 5 Z 0- T Z T Z

Sy ™ Qx Qx 8%3&

s Q %5 Q t G5 £ 0

Irgacure 2959 5 S g :
UV crosslinkin GelMA = 2 0 o
’ ~ \ 3 Wks 6 Wks 3 Wks 6 Wks

F

4mm in diameter

1mm in thickness 3 Wks

Bone mineral density
(mg HA/ccm)

6 Wks

Figure 3. Functional studies on CORIN and SDC1 in osteogenesis. A, flow cytometry analysis of CORIN and SDC1 expression in hESC H9-derived MSCs
and osteoblasts (OBs). B, IHC staining of CORIN and SDC1 expression in human femur bone tissue using anti-human CORIN and anti-human SDC1 anti-
bodies. Goat and mouse IgG were utilized as a negative control. The scale bar represents 100 um. C, RT-gPCR confirmed the impairment of osteoblast
lineage genes COL1A1, PTH1R1, BGLAP, and RUNX2 in CORIN-depleted or SDC1-overexpressed hESC H1-derived osteoblasts. (n = 3, mean + S.D.). D, ARS
staining indicated that depletion of CORIN as well as overexpression of SDC1 in osteoblasts led to impaired bone mineral production. The scale bar
represents 100 um. E, diagrammatic depiction of preparation of GelMA discs. Hybridization of gelatin and methacrylic anhydride was followed by UV cross-
linking to make the GelMA discs. F, morphology of GelMA discs, which had a diameter of 4 mm and a thickness of 1 mm. G, scanning electron microscope
(SEM) image showing the surface and hollow structures of the GelMA discs. The scale bar represents 400 um. H and |, left: 3D pCT images of GelMA discs
loaded with CORIN-depleted or SDC1-overexpressed hESC H1-derived osteoblasts compared to control osteoblasts at 3 weeks and 6 weeks culture in
osteoblastic differentiation media. Right: bone mineral density and BV/TV (%) analyses of GelMA discs loaded with CORIN-depleted (upper), or SDC1-
overexpressed (lower) hESC H1-derived osteoblasts. The scale bar represents 1 mm. The difference between two groups was compared by the two-
tailed unpaired Student’s t test or ANOVA to calculate the p-value. (n = 3, mean * S.D.). ARS, Alizarin Red S; BV/TV, bone volume/total tissue volume;
GelMA, gelatin methacrylate; hESC, human embryonic stem cell; IHC, immunohistochemistry; MSC, mesenchymal stem cell; RT-qPCR, real-time quantitative
PCR; SDC1, syndecan-1; pCT, microcomputed tomography.

differentiation (day 14 and day 21) (Fig. 4C). Gene set
enrichment analysis (GSEA) of GO_BP indicated that genes
significantly downregulated in CORIN-depleted and SDC1-
overexpressed osteoblasts are involved in extracellular matrix

organization, skeletal system development, and collagen fibril
organization (Fig. 4D), supporting the critical role of CORIN
and SDC1 in regulating human osteogenesis. BioPlanet
pathway analysis further confirmed that CORIN-upregulated
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Figure 4. Systematic analyses of the CORIN/SDC1-regulated transcriptome. A, volcano plots for DEGs in CORIN-depleted (left panel) or SDC1-
overexpressed (right panel) hESC H9-derived osteoblasts compared with control osteoblasts. DEGs were selected with the parameters p < 0.05 and
log, (fold-change) > 1. Vertical dashed lines demarcate the 2-fold change cutoff. Blue and dark blue dots represent genes significantly downregulated <2-
fold or >2-fold, respectively; yellow and orange dots represent genes significantly upregulated <2-fold or >2-fold, respectively; gray dots represent genes
without significantly differential expression following depletion or CORIN or overexpression of SDC1. B, Venn diagram depicting the number of genes
considered to be DEGs in CORIN-knockdown and SDC1-overexpressed hESC H9-derived osteoblasts. The intersection represents commonly upregulated
(upper panel) or downregulated (lower panel) genes in both the shCORIN and SDC1 groups. C, Mouse Gene Atlas analyses by Enrichr indicated that
downregulated genes in CORIN-depleted and SDC1-overexpressed osteoblasts are significantly enriched in the later stages of mouse osteoblast differ-
entiation (days 14 and 21). D, GSEA GO_BP analyses (left panel) demonstrated that genes significantly downregulated in CORIN-depleted and SDC1-
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nonsignificant difference. E, BioPlanet pathway analyses demonstrate that genes significantly downregulated in CORIN-depleted and SDC1-overexpressed
hESC H9-derived osteoblasts are involved in TGF- regulation of extracellular matrix, extracellular matrix organization, and ECM receptor interactions. Gene
sets enriched in control cells are shown in blue (FDR g value < 0.25; normalized p value < 0.05), while white indicates a nonsignificant difference. F,
BioPlanet pathway analyses demonstrate that genes significantly upregulated in CORIN-depleted and SDC1-overexpressed hESC H9-derived osteoblasts are
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and SDC1-downregulated genes are related to TGF-B-medi-
ated regulation of extracellular matrix, extracellular matrix
organization, and extracellular matrix receptor interactions
(Fig. 4E), which were consistent with the enriched gene sig-
natures in osteoblasts compared to MSCs. In contrast,
CORIN-downregulated and SDC1-upregulated genes shared
fewer similarities, mainly in epidermal growth factor receptor
and cholesterol biosynthesis (Fig. 4F). These findings provide a
global view of osteogenesis regulated by CORIN and SDCI1.

CEBPD is a key mediator of CORIN and SDC1 regulation of
osteoblast identity

To identify the critical signaling regulated by CORIN and
SDC1-mediated osteogenesis, we focused on transcription
factors, which are key molecules controlling osteoblast iden-
tity. Chromatin immunoprecipitation (ChIP) enrichment
analysis revealed that CORIN-upregulated and SDC1-
downregulated genes are the main targets of the transcrip-
tion factors CEBPD (mouse, m), POU3F2 (human, h), ZNF217
(h), CINNB1 (h), YAP1 (m), WT1 (h), and FOXA2 (h)
(Fig. 54). Among these transcription factors, CEBPD targets
were most commonly downregulated upon CORIN depletion
as well as SDC1 overexpression (Fig. 5A4), indicating that
CEBPD is a potential key downstream transcription factor that
links CORIN and SDC1 to characteristic osteoblast gene sig-
natures. Conversely, genes upregulated by CORIN depletion
and downregulated by SDC1 were mainly targeted by ATF3
(h), E2F1 (m), EGR1 (h), ELK3 (h), KMD2B (h), REL1A (h),
and p53 (m) (Fig. 5A), suggesting that these transcription
factors may play an inhibitory role in regulating osteogenesis.
Immunoblotting and RT-qPCR demonstrated reduced CEBPD
expression in CORIN-knockdown or SDCl-overexpressed
osteoblasts compared to control osteoblasts (Fig. 5, B and C),
indicating that CORIN and SDC1 are capable of regulating
CEBPD expression.

We next investigated the signaling cascade by which CORIN
and SDC1 regulate CEBPD expression. High-throughput
screening has identified p38 MAPK’s activator DIPQUO as a
promoter of human osteoblast differentiation (31). We are
exploring whether CORIN positively regulates, while SDC1
negatively regulates, CEBPD expression through the p38
MAPK signaling pathway. Indeed, we observed upregulation of
CORIN, p38 MAPK phosphorylation, and CEBPD in hPSC-
derived osteoblasts compared to MSCs (Fig. 5D). Inhibition
of p38 MAPK by SB202190 led to decreased CEBPD and
impaired osteogenesis (Fig. 5, E and F), confirming the
essential role of p38 MAPK in regulating CEBPD expression.
Notably, the knockdown of CORIN or ectopic expression of
SDC1 led to decreased p38 MAPK phosphorylation and
CEBPD expression (Fig. 5G). Taken together, our findings
suggest that CORIN and SDC1 may regulate osteogenesis
through the p38 MAPK/CEBPD signaling pathway.

Transcriptome profiling of hPSC-derived osteoblasts

IHC staining of human femur and mouse bone tissues
demonstrated high expression of CEBPD in trabecular bone
(Fig. 5H). Single-cell RNA-seq (scRNA-seq) analysis of hu-
man ALPLME"/CD45'" osteoblasts isolated from human
femur heads (32) revealed that CEBPD is highly expressed in
all preosteoblasts (COL1A1™&"/VCAM1ME"/LEPRME"), oste-
oblasts  (BGLAP"'"/IBSP"'¢"/SPP1"¢"/COL1A1"®"), and
undetermined osteoblasts (COL1A1M&"/vCAM1MeY/LEP-
RME"/NR4A1ME"/NR4A2MEM)  (Fig. 5I), suggesting that
CEBPD is a critical transcription factor that participates in
all stages of osteogenesis. ARS staining demonstrated
impaired osteoblastic differentiation and decreased mineral
deposition in CEBPD-depleted osteoblasts (Fig. 5/). CEBPD
depletion led to reduced expression of RUNX2, PTHIR,
BGLAP, and COL1A1 (Fig. 5K). Furthermore, CEBPD KO
was associated with impaired osteoblast-mediated calcifica-
tion in GelMA discs (Fig. 5L, left panel), lower bone mineral
density, and lower BV/TV, bone volume/total tissue volume
ratios (Fig. 5L, middle and right panels). Together, our
functional studies suggest that CEBPD functions as a
downstream mediator of CORIN/SDC1-controlled bone
formation and osteoblast function.

Multiomics studies indicate that CEBPD serves as a crucial
transcription factor in maintaining osteoblast function

To elucidate how CORIN/SDC1-CEBPD axis regulates
osteoblastic lineage-associated gene expression, we carried out
CEBPD ChIP followed by next-generation sequencing (ChIP-
seq) and assay for transposase-accessible chromatin
sequencing (ATAC-seq) to assess CEBPD genome occu-
pancies and genome-wide chromatin accessibility in osteo-
blasts. Integration of CEBPD ChIP-seq and ATAC-seq data
revealed that the gene-proximal regions of transcription start
sites bound by CEBPD showed no preference for open or
closed chromatin (Fig. 6A4) and exhibited similar genome
binding affinities (Fig. 6B). A significant proportion of
CEBPD*/ATAC" cotargeted regions (29.01%) were promoter
regions (Fig. 6C), suggesting that CEBPD functions as a tran-
scriptional regulator in modulating gene expression. Homer
known motif and de novo motif analyses revealed that the top
motif enriched in CEBPD*/ATACY cooccupied motifs is
identical to the CEBPD family binding motif and osteoblast/
bone formation-associated transcription factor motifs associ-
ated with Fosl (33), Fral (33), JUNB (34, 35), RUNX (36) and
STATS3 (37) (Figs. 6D and S3A).

To further characterize the roles (activator or repressor) of
CEBPD in transcriptional regulation, we performed RNA-seq
to assess alterations to the osteoblast transcriptome upon
CEBPD depletion. By integrating ChIP-seq, ATAC-seq, and
RNA-seq studies, we pinpointed 179 downregulated genes in
CEBPD-depleted osteoblasts which were CEBPD"/ATAC"
cotargeted genes (Fig. 6E). This intersection represents genes

overrepresented for genes in cellular functions such as EGFR1 and cholesterol biosynthesis. ECM, extracellular matrix; EGFR, epidermal growth factor re-
ceptor; FDR, false discovery rate; hESC, human embryonic stem cell; GO_BP, Gene Ontology biological process; GSEA, gene set enrichment analysis; SDC1,

syndecan-1; TGF-$ transforming growth factor-f3.
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Figure 5. CORIN/SDC1 governs the determination of osteoblast identities via CEBPD. A, ChEA analysis of DEGs in hESC H9-derived osteoblasts upon
CORIN depletion as well as SDC1 overexpression. Genes enriched in control cells are shown in blue, and genes enriched in osteoblasts with CORIN depletion
or SDC1 overexpression are shown in orange. The color intensity of the circle indicates the number of targets by a given transcription factor in the dataset,
while the circle size represents the significance of the interaction. B and C, immunoblotting of CEBPD in CORIN-depleted (B) and SDC-overexpressed (C) hESC
H9-derived osteoblasts. RT-qPCR confirmed the efficacy of shCORIN and SDC1 in modifying gene expression. (n = 3, mean + S.D.). D, immunoblotting
showed an increase in p38 MAPK phosphorylation and subsequent CORIN and CEBPD expression in hESC H9-derived osteoblasts compared to MSCs. E,
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containing promoters with open chromatin architecture that
were also positively regulated by CEBPD binding during
osteogenesis. A representative subset of the 179 genes is shown
in Figure 6F. GO_BP analysis revealed that these genes are
mainly involved in osteoblast differentiation and bone forma-
tion, supporting biological functions including extracellular
matrix organization, regulation of ossification, collagen fibril
organization, and Wnt signaling pathways (Fig. 6G). This
further supports the idea that CEBPD functions as a tran-
scriptional activator and actively regulates osteoblastic deter-
mination. The Integrative Genomics Viewer revealed
CEBPD*/ATAC" cooccupancy over promoter regions of the
osteoblast lineage-associated or upregulated genes COL12A1
(38), COL21A1 (39), SMAD6 (40), ADAMTS5 (41), ESCO1,
MED30, HSD17B1, VCAM]1, C1RL, and APOL6 (Figs. 6H and
S3B). ChIP-qPCR validated the binding of CEBPD to
COLI12A1, COL21A1, SMADG6, and ADAMTSS promoter re-
gions (Fig. 6I). Furthermore, the expressions of COL12Al,
COL21A1, SMAD6, and ADAMTS5 were reduced in CEBPD-
depleted osteoblasts (Fig. S3C). scRNA-seq analysis of human
ALPL"8"/CD45'" osteoblasts revealed the enrichment of
many CEBPD-regulated genes that are expressed in osteoblasts
at different maturation stages (Figs. 6/ and S3D). Among them,
COL12A1 was enriched in osteoblasts, SMAD6 and CIRL
were enriched in preosteoblasts, and SMIM14 and FBXO32
were enriched in all types of osteoblasts (Figs. 6/ and S3D).
Taken together, these results strongly connect CORIN and
SDC1 expression to CEBPD activity, which plays crucial
roles in modulating human osteoblast differentiation and

physiology.

Discussion

Bone diseases resulting from dysregulation of bone ho-
meostasis, whether congenital or acquired, represent a signif-
icant public health issue. These diseases, particularly those
associated with bone fractures and large bone defects, are a
leading cause of disability, and effective bone regeneration is
critical to recovery. While decades of applied research in bone
biology have resulted in improved preventive and therapeutic
interventions, many of which are pharmacologic, the incidence
of illness, disability, and mortality caused by bone diseases
remain high. One of the main factors contributing to this

Transcriptome profiling of hPSC-derived osteoblasts

challenge is the limited foundational understanding of the cells
that regulate human bone homeostasis. Osteoblasts are bone-
forming cells that are one of the key cell types in regulating
skeletal bone development by constructing mineralized bone
matrix. Although mouse and human osteogenesis share many
similarities, there are important differences between human
and mouse bone development. The genetic and molecular
mechanisms involved in bone development differ between
species, with critical genes playing a role in human bone
development that are not present in mice, and vice versa.
Limited access to human bone tissue further complicates our
understanding of human osteoblasts, making it challenging to
validate findings from in vivo rodent model systems. Currently,
with well-established hPSC culture and osteogenic lineage
differentiation methods, functional human osteoblasts can be
generated for in vitro studies. This powerful platform enables
the identification of critical osteoblast membrane proteins and
their regulated transcription factors. Our research has revealed
that both CORIN/p38 MAPK/CEBPD and SDC1/p38 MAPK/
CEBPD axis integrate extrinsic and intrinsic signaling to
determine osteoblast cell fate and govern human osteoblast
identity. These findings provide important insights into the
fundamental mechanisms underlying human osteoblast regu-
lation, which may lead to the development of novel preventive
and therapeutic interventions for bone diseases.

CORIN is known to convert ANP precursors to mature
ANP and is crucial to maintaining electrolyte balance and
blood pressure (5). Our transcriptome profile and IHC ana-
lyses interestingly revealed that CORIN is highly expressed in
human osteoblasts/bone but not mouse osteoblasts/bone.
Clinical studies have shown that reduced serum CORIN levels
are associated with osteoporosis (42), suggesting that dysre-
gulation of CORIN could lead to impaired bone homeostasis
and bone disease development. However, the precise roles of
CORIN in bone formation have yet to be fully elucidated. In
this study, we investigated the expression and function of
CORIN in hPSC-derived osteoblasts. Our results showed that
CORIN is highly expressed in these cells and its depletion
leads to impaired osteogenic differentiation and bone miner-
alization. Further analysis revealed that p38 MAPK-mediated
CEBPD upregulation was responsible for the observed effects
of CORIN on osteoblast function. Previous studies have shown
that ANP/natribretic peptide receptor 3 can activate p38

immunoblotting showed inhibition of p38 MAPK by p38 MAPK inhibitor SB202190 (200 nM) and an associated downregulation of CEBPD expression. F, ARS
staining of hESC H9-derived differentiated osteoblasts treated with p38 MAPK inhibitor SB202190 (200 nM) compared with control osteoblasts and MSCs.
The scale bar represents 5 mm. G, immunoblotting showed a decrease in p38 MAPK phosphorylation upon CORIN knockdown (upper panel) or SDC1
overexpression (lower panel) in H1 hESC-derived osteoblasts. H, IHC staining showed the expression of CEBPD in human and mouse femur bone tissues.
Rabbit 1gG served as a control. /, scRNA-seq analysis of human osteoblasts reveals the expression of CEBPD in a distinct osteoblast population. Left panel:
three osteoblast clusters (preosteoblasts [Pre-OBs], osteoblasts [OBs], and undetermined osteoblasts [Undetermined OBs]) are defined, colored, and
visualized by UMAP using 5329 osteoblasts. Middle panel: logarithm-normalized expression showed CEBPD is highly expressed in the three osteoblast
clusters. Right panel: distributions of CEBPD expression within the three osteoblast clusters showed the highest CEBPD expression in the undetermined
osteoblast cluster. J, ARS staining confirmed that depletion of CEBPD impairs bone mineralization in hESC H9-derived osteoblasts. The scale bar represents
100 pum. K, RT-gPCR reveals the impairment of osteoblast lineage genes COL1A1, PTH1R1, BGLAP, and RUNX2 in CEBPD-depleted hESC H9-derived oste-
oblasts. (n = 3, mean + S.D.). L, left panels: 3D puCT images of GelMA discs loaded with CEBPD-depleted hESC H9-derived osteoblasts (sgCEBPD-1) at 3 weeks
and 6 weeks culture in osteoblast differentiation media. Right panels: bone mineral density and BV/TV (%) analyses of GelMA discs loaded with CEBPD-
depleted hESC H9-derived osteoblasts (sgCEBPD). The scale bar represents 1 mm. The difference between two groups was compared by the two-tailed
unpaired Student’s t test or ANOVA to calculate the p-value. (n = 3, mean + S.D.). ARS, Alizarin Red S; BV/TV, bone volume/total tissue volume; CEBPD,
CCAAT enhancer binding protein delta; ChEA, ChIP enrichment analysis; DEG, differentially expressed gene; GelMA, gelatin methacrylate; hESC, human
embryonic stem cell; IHC, immunohistochemistry; MAPK, mitogen-activated protein kinase; MSC, mesenchymal stem cell; RT-qPCR, real-time quantitative
PCR; scRNA-seq, single-cell RNA-seq; SDC1, syndecan-1; iCT, microcomputed tomography; UMAP, uniform manifold approximation and projection.
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Figure 6. ChIP-seq, ATAC-seq, and RNA-seq studies suggest CEBPD functions as an osteoblastic transcription factor. A, heatmaps depicting the
commonalities and differences in the 3 kb genomic loci surrounding each of the identified ChIP-seq peaks and ATAC peaks, grouped by cluster. B,
composite plots showing the average binding intensities of CEBPD*/ATAC™ and CEBPD*/ATAC" peak regions. C, pie chart showing the genomic positional
distribution of CEBPD/ATAC cotargeted binding sites for known and de novo RefSeq genes. D, motif analyses plot of the top-scoring Homer known binding
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MAPK through cGMP-regulated protein kinase G and its
downstream regulator peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha, which plays a role in hu-
man brown adipocyte-associated thermogenicity (43). These
findings provide one potential mechanism explaining the as-
sociation between ANP, the natribretic peptide receptor 3 G-
protein-linked receptor, and p38 MAPK, and explain how
CORIN is able to activate p38 MAPK. Further studies are
necessary to comprehensively dissect the role of CORIN in
bone development, including the downstream transcription
factors and CORIN-mediated signaling pathways involved.
Such further work is essential to the identification of potential
therapeutic targets to treat bone diseases.

CEBPD is a transcription factor that belongs to the CEBP
family and plays a crucial role in regulating various cellular
processes such as cell differentiation, proliferation, growth
arrest, cell death, metabolism, and immune response (44).
Previous research has indicated that CEBPD is upregulated in
osteoblasts through o1B-adrenoceptor signaling, which can
modulate bone formation (45). Moreover, CEBPB and CEBPD
have been found to not only synergize with Runx2 to upre-
gulate bone-specific genes such as osteocalcin (46), but also
regulate the expression of IGF1, a critical factor involved in
skeletal growth, osteoblast proliferation, and differentiation
(47). However, the upstream signals regulating CEBPD and
how the CEBPD transcriptome profile contributes to osteo-
genesis remain poorly understood. In this study, we have
identified CORIN and SDC1-mediated p38 MAPK signaling as
key regulators of CEPBD expression during osteogenesis. We
found that depletion of CORIN, overexpression of SDC1, or
inhibition of p38 MAPK impaired osteoblast differentiation
and bone mineralization, likely due to the downregulation of
CEBPD. scRNA- sequencing analysis of human osteoblastic
lineage cells (preosteoblasts, osteoblasts, and undifferentiated
osteoblasts) revealed enriched expression of CEBPD in all
three cell types, indicating its involvement in all stages of bone
development. RNA-seq and ChIP-seq analysis of CEBPD reg-
ulatory targets showed that many CEBPD-regulated genes are
involved in extracellular matrix organization, regulation of
ossification, and BMP/Wnt signaling. Our results suggest that
CEBPD plays a versatile role in regulating osteogenesis
through the modulation of multiple signaling molecules
associated with bone development, providing valuable insights
for reevaluating CEBPD’s potential in human osteogenesis.

In summary, we used an hPSC-based culture and differen-
tiation platform to generate functional human osteoblasts,
define their cell membrane proteins CORIN and SDC1 and the

Transcriptome profiling of hPSC-derived osteoblasts

p38 MAPK signaling pathway regulating their activity, and
identify their downstream effectors: a transcription factor
CEBPD that controls human osteogenesis. In particular,
CORIN is a membrane protein that specifically regulates
osteogenesis in humans. These findings are a monumental
addition to our foundational understanding of the cellular
signaling networks that govern the determination of human
osteoblast identity, paving the way for novel developments in
bone regeneration technology and clinical therapies for
osteoblast-mediated diseases in humans.

Experimental procedures
hESC/hiPSC culture

The hESC H1 and H9 lines were obtained from WiCell, while
the HES2 line was generously gifted by Dr Ihor Lemischka from
the Icahn School of Medicine at Mount Sinai. The hiPSC lines
WT-1H, WT-1G, WT-1J, WT-F6, and WT-F37 were generated
by reprogramming health donor fibroblasts using the
CytoTune-iPS 2.0 reprogramming kit (Invitrogen, A16517) with
four reprogramming factors (OCT4, SOX2, KLF4, and MYC),
as detailed previously (14, 16, 18). All hESCs and hiPSCs were
cultured and maintained in mTeSR1 medium, following
established protocols (48, 49). hPSC-derived MSCs and hFOB
cells (American Type Culture Collection, CRL-11372) were
cultured in the MSC medium (¢-minimal essential medium
supplemented with 10% fetal bovine serum and L-glutamine).
Adipose-derived human mesenchymal stem cells (ad-HMSCs;
ScienCell Research Laboratories) and bone marrow-derived
human mesenchymal stem cells (bm-HMSCs; ScienCell
Research Laboratories) were maintained in mesenchymal stem
cell medium (ScienCell Research Laboratories).

Differentiation of hESCs/hiPSCs to MSCs and then osteoblasts

The in vitro differentiation of hESCs/hiPSCs into MSCs
using bFGF/PDGEF-AB for hESCs and SB-431542/7.5% for
hiPSCs was previously described (14, 16). The differentiated
MSCs were characterized using CD73, CD105, and CD166,
which are established markers for MSCs. To induce osteogenic
differentiation, hPSC-derived MSCs, ad-HMSCs, bm-HMSCs,
and hFOB cells were seeded in a 6-well plate at a density of 2 x
10* cells per well and cultured in the osteogenic differentiation
medium (o-minimal essential medium supplemented with 10%
fetal bovine serum, 10 mM [-glycerol phosphate, 200 UM
ascorbic acid, and 0.1 M dexamethasone). Osteogenic dif-
ferentiation was assessed at various time points (day O to day
30) to monitor the progression of differentiation.

motifs for CEBPD/ATAC cotargeted genomic binding peaks in osteoblasts. £, Venn diagram of genes identified via ChIP-seq, ATAC-seq, and RNA-seq studies
reveal 179 genes transcriptionally regulated by CEBPD in osteoblasts. F, upper panel: heatmaps of CEBPD peak intensities in CEBPD/ATAC cotargeted gene
regions (+3 kb from TSS). lower panel: heatmaps of changes in gene expression in CEBPD-depleted hESC H9-derived osteoblasts as examined by RNA-seq. G,
GO_BP analyses showed that the 179 enriched genes regulated by CEBPD are involved in extracellular matrix organization, regulation of ossification,
regulation of bone mineralization, and other bone physiology-related functions. H, IGV snapshot of CEBPD/ATAC occupancy over the promoter regions of
COL12A1, COL21A1, SMAD6, and ADAMTSS. I, ChIP-qPCR at CEBPD TSS peak sites assess CEBPD or IgG enrichment (ChIP/input). ChIP-qgPCR confirms specific
enrichment of COL12A1, COL21A1, SMAD6, and ADAMTS5 at peak regions in hESC H9-derived osteoblasts. (n = 3, mean + S.D.). J, scRNA-seq analysis
demonstrated logarithm-normalized expression of the CEBPD transcriptional targets COL12A1, SMAD6, C1RL, SMIM14, and FBX032, and are displayed
according to the three osteoblast clusters. The difference between two groups was compared by the two-tailed unpaired Student’s t test to calculate the
p-value. ATAC, assay for transposase-accessible chromatin; CEBPD, CCAAT enhancer binding protein delta; ChIP, chromatin immunoprecipitation; GO_BP,
Gene Ontology biological process; hESC, human embryonic stem cell; IgG, immunoglobulin G; IGV, Integrative Genomics Viewer; scRNA-seq, single-cell RNA-

seq; TSS, transcription start site.
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Alizarin Red S staining

Alizarin Red S staining was used to detect bone minerali-
zation by mature osteoblasts. Differentiated cells were washed
twice with 1xDulbecco’s phosphate-buffered saline and then
fixed with ice-cold 70% ethanol at room temperature for
15 min. After fixation, cells were washed twice with tap water
and then stained with 2% (w/v) ARS Solution (Sigma-Aldrich,
A5533; pH 4.2) for 30 min with gentle rotation on a rotor.
Following the staining process, the cells were washed with tap
water five times. The stained cells were then visualized under a
microscope, using the H-filter in color mode to capture
images.

Flow cytometry analysis

In total, 14.7 x 10* MSCs were seeded onto 10 cm culture
dishes and cultured in the osteogenic differentiation medium
for 18 days. At day 18 (D18), the differentiated osteoblasts and
MSCs were incubated with 2 ml of 0.1% Collagenase Type II
(Invitrogen, 17101015) at 37 °C for 30 min, followed by an
additional 5-min incubation with 1 ml of 0.25% Trypsin-EDTA
(GenDEPOT, CA014-010). The cells were then washed with
1xPBS and filtered with a 40 pwm cell strainer (Thermo Fisher
Scientific 22-363-547). To analyze the expression of surface
receptors CORIN and SDCI, the detached cells were stained
with human CORIN antibody (R&D System, AF2209) and PE-
conjugated human SDC1 (BD Bioscience, 552026). Alexa fluor
488 AffiniPure donkey anti-goat immunoglobulin G (IgG)
(H+L) (Jackson ImmunoResearch, 705-545-003) was used to
detect CORIN primary antibodies. Nonimmune isotype con-
trols were used as negative controls. The flow cytometry re-
sults were analyzed with FlowJo software (https://www.flowjo.
com).

Plasmids, shRNAs, and sgRNAs

The design of lentiviral sgRNAs and shRNAs was performed
using the Benchling (https://benchling.com) and TCR library
databases (https://portals.broadinstitute.org/gpp/public/).
These sequences were then inserted into lentiCRISPR v2
(Addgene, 52961) and pLKO.pig vectors (50, 51), respectively.
The primer sequences used for generating sgCEBPD and
shCORIN are provided in Table S1. To create the TetO-SDC1
construct, pTT5-hSDC1 (Addgene, 52326) was first digested
with Pmel and BamHI. The resulting fragment was then
inserted into an Afel- and BamHI-digested TetO-8MCS vector
(52). Lentiviral sgRNAs and shRNAs were produced in HEK-
293T cells using pMD2.G (Addgene, 12259) and psPAX2
(Addgene, 12260) packaging vectors.

Gene KO, knockdown, and ectopic expression

For gene KO and knockdown, sgRNA and shRNA lentiviral
particles were generated in HEK-293T cells by transfecting
pMD2.G (Addgene, 12259) and psPAX2 (Addgene, 12260)
packaging vectors along with lentiCRISPR v2 sgCEBPD or
pLKO.pig shCORIN using Lipofectamine 3000 reagent
(Thermo Fisher Scientific). After 48 h of posttransfection, viral
particles were harvested in polypropylene microfuge tubes and
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used to infect/transduce the differentiated osteoblasts in the
presence of 8 [ig/ml polybrene. Infected osteoblasts were then
selected in the culture medium containing 2 |ig/ml puromycin
for 3 days to generate indicated KO or knockdown cells. To
ectopically express SDC1 in osteoblasts, TetO-SDC1 and
M2rTA (Addgene, 20342) lentiviruses were packaged using
pMD2.G and psPAX2, as described above. Inducible SDC1
osteoblasts were generated by coinfecting osteoblasts with
TetO-SDC1 and M2rTA lentiviruses at a multiplicity of
infection of 10, treating them with 1 mg/ml doxycycline, and
selecting with 2 ig/ml puromycin for 3 days. The expression of
CEBPB, CORIN, and SDC1 was confirmed through immuno-
blotting using their respective antibodies.

RT-gPCR

Total mRNA was isolated using the TRIzol reagent (Invi-
trogen, 15596026) according to the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized from the iso-
lated mRNA using the iScript ¢cDNA synthesis kit (Bio-Rad
Laboratories, 1708891). For each PCR reaction, 1 | of cDNA,
1 l of each 10 uM forward and reverse qPCR primers, 10 pl of
SYBR Green PCR Master Mix (Bio-Rad Laboratories, 1725124),
and 7 pul of RT-PCR grade water were mixed to make a total
volume of 20 pl. RT-qPCR was carried out using a CFX96
machine (Bio-Rad Laboratories). All reactions were performed
in triplicate and normalized to GAPDH expression. The primer
sequences are provided in Table S2.

GelMA disc preparation

Gelatin Type A, methacrylic anhydride, PBS, and 2-
hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Irga-
cure 2959) were obtained from Sigma-Aldrich. Dialysis tubing
(SnakeSkin, 10K MWCO) was purchased from Thermo Fisher
Scientific. To synthesize GelMA, 3 g of gelatin Type A was
dissolved in 30 ml of PBS solution at 50 °C, followed by
dropwise addition of 1.739 ml of methacrylic anhydride to
initiate the methacrylation of gelatin, and the reaction was
allowed to proceed for 1 h. The reaction was terminated by
adding an additional 30 ml of PBS solution, and the mixture
was dialyzed at 50 °C for 48 h. After dialysis, the pH value was
adjusted to 7.0 to 7.4, and the solution was freeze-dried by a
lyophilizer (FreeZone 2.5, Labconco) for at least 72 h. For the
fabrication of GelMA discs, 100 mg of freeze-dried GelMA was
added to 1 ml of PBS containing 1% (w/v) of Irgacure 2959 as
the photoinitiator at 50 °C. The solution was dispensed into a
polydimethylsiloxane mold for casting the GelMA discs with
micropatterns designed by SolidWorks. GelMA was cross-
linked by UV-light (365 nm) for 300 s, and the mold was
then transferred to an ice bath for 5 min to further stabilize the
discs. The cross-linked discs were removed from the mold and
stored in PBS, then placed in an incubator at 37 °C for 24 h to
ensure stability. The resulting GelMA discs were stored at 4 °C
for further cell culture experiments. The porous structure of
each GelMA disc was observed by scanning electron micro-
scopy (Vega 3, TESCAN). The hydrated GelMA discs were
lyophilized and attached to a specimen stage with carbon
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tapes, followed by gold sputtering with a 20 nm gold layer. The
operating voltage was 20 kV with a beam intensity of 10.0 and
the working distance was 15 mm. The size distribution was
calculated from a population of 50 holes with Image] software
(https://imagej.net/ij/).

Microcomputed tomography scanning and analysis

To investigate bone formation in vitro, 5 x 10> MSCs were
seeded onto each GelMA disc. After a 2-h incubation period at
37 °C to allow for cell infiltration, the MSC-laden GelMA discs
were cultured in 1 ml of osteogenic differentiation medium.
The medium was replenished every 3 days. After 3 or 6 weeks
of culture, the GelMA discs were fixed in 4% para-
formaldehyde at 4 °C for 3 days and subsequently washed with
PBS. The fixed samples were kept hydrated by placing them
into PCR tubes containing 200 pl PBS. Viva CT 40 (Scanco
Medical) was used to scan the samples, and the scanning
resolution (15 [im) and protocol were consistent for all sam-
ples in accordance with previous publications (53). The pa-
rameters used for GelMA disc analysis were Gauss = 0.8,
Sigma = 1, and threshold = 163. 3D evaluation software Bone]
(https://bonej.org/) was used to generate all bone parameters.

Human tibia tissues

The specimens of normal tibia adjacent to osteosarcoma
were collected from patients diagnosed with osteosarcoma of
the femur who underwent femoral amputation as part of their
clinical treatment. The samples were obtained with patient or
parental informed consent and were surgically removed during
the amputation procedure. These samples were acquired from
the Department of Musculoskeletal Oncology at the First
Affiliated Hospital of Sun Yat-sen University. Prior to their use
in this study, the samples were deidentified.

Immunohistochemistry staining

Bone tissue, obtained from C57BL/10] mice sacrificed at
4 months of age or human tibia as described above, was
decalcified with 10% EDTA and 1% sodium hydroxide (PH 7.0)
for 4 weeks, and then paraffin-embedded as previously
described (53). Sections were cut at 5 um thickness. Prior to
staining, the sections were deparaffinized with xylene and hy-
drated with a gradient of ethanol and water. IHC was per-
formed following the previously reported protocol (54). Briefly,
after deparaffinization, the slides were washed with PBS and
blocked with 5% donkey serum. Primary antibodies, including
anti-human CORIN (1:1000) (R&D Systems, AF2209), anti-
human SDC1 (DL-101) (1:50) (Santa Cruz Biotechnology,
sc-12765), anti-mouse CORIN (Abnova, PAB12762), and anti-
mouse SDC1 (MilliporeSigma, ZRB1360), as well as anti-
CEBPD (1:500) (Santa Cruz Biotechnology, sc-365546x), were
applied and incubated overnight at 4 °C. The following day,
sections were incubated with 0.5% H,O, in PBS for 30 min at
room temperature and then washed with PBS. The corre-
sponding secondary biotinylated horse anti-goat IgG (1:300)
(Vector Laboratories, BA9500), goat anti-mouse IgG (1:300)
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(Vector Laboratories, BA9200), and goat anti-rabbit IgG
(H+L)-horseradish  peroxidase (HRP) (1:300) (Bio-rad,
#1706515) were applied and incubated. After washing with
PBS, the slides were incubated with ABC reagents (PK 7200,
Elite ABC kits, Vector Laboratories) for 30 min at room tem-
perature. Then, the DAB staining kit (SK-4100, Vector Labo-
ratories) was used to reveal positive staining. Hematoxylin QS
(Vector Laboratories, H3404) was used to counterstain the
nucleus. The slides were dehydrated through an ethanol
gradient, cleared with xylene, and sealed with Cytoseal. Images
were captured using a NIKON CI microscope (Nikon).

Immunoblotting

Whole-cell extracts were collected from MSC-differentiated
osteoblasts (D18) in complete 1x radioimmunoprecipitation
assay buffer (150 mM NaCl, 20 mM Tris pH 7.4, 1% NP-40, and
0.1% SDS) with HALT protease inhibitor cocktail (Thermo
Fisher Scientific). Proteins were separated by electrophoresis on
a 6 to 12% SDS-PAGE gel and transferred to polyvinylidene
difluoride membranes (Bio-Rad). The membranes were blocked
with 5% milk in TBS with 0.5% Tween-20 for 30 min and then
incubated overnight at 4 °C with primary antibodies, including
anti-CEBPD Antibody (C-6) (Santa Cruz Biotechnology, sc-
365546), anti-B-ACTIN (AC-15) (Sigma-Aldrich, A5441), hu-
man CORIN antibody (R&D Systems, AF2209), phospho-p38
MAPK antibody (Thr180/Tyr182) (D3F9) (Cell Signaling
Technology, 4511T), and p38 MAPK (D13E1) (Cell Signaling
Technology, 8690T). The secondary antibodies used were goat
anti-mouse IgG & IgM HRP conjugated antibody (EMD Mil-
lipore, AP130P), goat anti-rabbit IgG HRP Conjugate antibody
(Bio-Rad, 1706515), and rabbit anti-goat IgG HRP conjugated
antibody (EMD Millipore, AP107P). The images were obtained
using enhanced chemiluminescence Western blotting detection
reagents (GE HealthCare, RPN2209).

Inhibition of p38 MAPK pathway by SB202190 treatment

MSC-derived osteoblasts were treated with the p38 MAPK
inhibitor SB202190 (Selleckchem, S1077) at a concentration of
200 nM/ml for 24 h. Cells were then collected for immuno-
blotting analysis. For ARS staining, MSC-derived osteoblasts
were cultured in the osteogenic differentiation medium with or
without SB202190 for 4 weeks.

RNA-seq

Time course samples of hPSC-derived MSCs and osteo-
blasts were collected at the indicated days of differentiation.
Cell samples were lysed in TRIzol reagent. The RNA sample
preparations and RNA-seq data analyses were performed as
previously described (48).

Single-cell RNA-seq data processing

The raw read count data from GSE147390 was imported
and processed with the Seurat package according to their
standard pipeline (55). The SCTransform function was used to
perform regularized negative binomial regression and

J. Biol. Chem. (2024) 300(8) 107494 15


https://imagej.net/ij/
https://bonej.org/

Transcriptome profiling of hPSC-derived osteoblasts

normalize UMI count data utilizing the top 2000 variable
genes, while the cells with <200 genes or >5000 genes were
removed. RunPCA was used to perform principal component
analysis. The first 18 principal components were used for
uniform manifold approximation and projection dimension
reduction. The cells with a resolution of 0.1 were clustered.
Based on the feature plot of preosteoblasts, osteoblasts, and
undetermined osteoblasts, Clusters 3, 4, and 6 (all representing
nonosteoblast cells) were excluded.

ChiP-seq

The CEBPD ChIP assay was performed in accordance with
previously published methods albeit with some modifications
(16, 48). Briefly, cells were pretreated with 1.5 mM dis-
uccinimidyl glutarate (DSG; Thermo Fisher Scientific, 20593)
for 30 min and then cross-linked with 4% paraformaldehyde
(Thermo Fisher Scientific, 28906) for 10 min at room tem-
perature. Subsequently, the cells were cross-linked in 1%
formaldehyde for an additional 10 min. After glycine
quenching, cell pellets were lysed and collected, and the DNA
was sonicated using a Branson Sonifier 450 under the
following conditions: 200 cycles, power 10%, 10 s on, and 10 s
off. The supernatant was diluted with the same buffer and
subjected to immunoprecipitation using CEBPD antibodies
(Santa Cruz Biotechnology, sc-365546x) or IgG at 4 °C over-
night. The beads were washed, and the DNA was reverse
cross-linked and purified.

ChiP-seq analysis and identification of promoter regions

The ChIP-seq analysis method was previously reported (16,
48). The peak-calling for the ChIP-seq data was conducted
using MACS2 with default parameters. The genomic annota-
tions, such as the labeling of promoter regions, and motif
analyses were performed using Homer.

Enrichr and GSEA analyses

GO_BP pathway analysis, BioPlanet pathway analysis,
Mouse Gene Atlas, and MGI mammalian phenotype analysis
were performed using Enrichr (https://maayanlab.cloud/
Enrichr/). GSEA analysis was performed using default the
GO_BP gene set. The analyzed results were considered sig-
nificant with the settings of false discovery rate (FDR) g-value
less than 0.25 and nominal (NOM) p-value less than 0.05.

Quantification and statistical analysis

Statistical analysis was performed using Prism 8.0 (https://
www.graphpad.com/), and the difference between two groups
was compared by two-tailed unpaired Student’s ¢ test or
ANOVA to calculate the p-value. The results were expressed
as the mean + SD.

Data availability

The data supporting the findings of this study are included
in the article and its supporting information. In addition, the
RNA-seq and ChIP-seq data can be accessed in the Gene
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Expression Omnibus (GEO) repository under accession
number GSE202147.
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