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SUMMARY

Metastatic prostate cancer (PCa) in bone induces bone-forming lesions. We have
previously shown that PCa-induced bone originates from endothelial cells (ECs)
that have undergone EC-to-osteoblast (OSB) transition. Here, we investigated
whether EC-to-OSB transition also occurs during normal bone formation. We
developed an EC and OSB dual-color reporter mouse (DRM) model that marks
EC-OSB hybrid cells with red and green fluorescent proteins. We observed
EC-to-OSB transition (RFP and GFP co-expression) in both endochondral and in-
tramembranous bone formation during embryonic development and in adults.
Co-expression was confirmed in cells isolated from DRM. Bone marrow- and
lung-derived ECs underwent transition to OSBs and mineralization in osteogenic
medium. RNA-sequencing revealed GATA family transcription factors were upre-
gulated in EC-OSB hybrid cells and knockdown of GATA3 inhibited BMP4-
induced mineralization. Our findings support that EC-to-OSB transition occurs
during normal bone development and suggest a new paradigm regarding the
endothelial origin of OSBs.

INTRODUCTION

Prostate cancer (PCa) that has metastasized to bone is an aggressive disease without effective therapies.
PCa bone metastasis is frequently associated with osteoblastic bone-forming lesions, indicating crosstalk
between metastatic tumor cells and the stromal component.’ Increases in the expression of bone morpho-
genetic proteins (BMPs) in tumor cells have been shown to play a role in increased bone formation in met-
astatic lesions.”Such tumor-induced remodeling of the bone microenvironment has been shown to
contribute to progression and resistance to bone metastasis therapies.”’

Although PCa-induced aberrant bone formation was originally thought to result from the expansion of ex-
isting osteoblasts (OSBs),' Roudier et al.® found that in human PCa bone metastasis, new bone formation
was observed in the tumor stroma, not the adjacent bone surface, suggesting an alternative cell source.
Indeed, we showed that tumor-associated endothelial cells (ECs) represent one of the cell types that
become OSBs through EC-to-OSB transition induced by PCa-secreted BMP4.° We further elucidated
that BMP4 coordinates multiple pathways to reprogram ECs into OSBs.” Using murine EC lines 2H11
and SVR, we showed that BMP4 activates not only the Smad1-Notch-Hey1 pathway to inhibit EC migration
and tube formation, but also the GSK3B-B-catenin-Slug pathway to stimulate the expression of Sp7/
Osterix (Osx), a transcription factor that mediates OSB cell fate determination.” These two pathways
converge through Smad1-regulated DIx2 to stimulate osteocalcin expression. Exogenous co-expression
of Osx, DIx2, Slug, and Hey1 is sufficient to trigger EC-to-OSB transition, leading to bone matrix mineral-
ization in the absence of BMP4.”

Our previous studies demonstrated that tumor-associated ECs can be reprogrammed to become OSBs.
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protein (GFP) driven by the 2.3-kb Col1a1 promoter. The Tie2 and 2.3-kb Col1a1 promoters were selected
to capture EC-to-OSB transition because Tie2 expression is detected as ECs arise and remains expressed in
ECs throughout development,'®'" whereas the 2.3-kb Col1a1 promoter is activated in the pre-OSB and
OSB stages.'? In the DRM, EC-OSB hybrid cells are identified as RFP*/GFP* dual-positive cells. We found
that EC-to-OSB transition occurs in both endochondral and intramembranous bone formation during
normal skeletal development, demonstrating that ECs participate in normal bone development. Our find-
ings suggest a new paradigm for EC-to-OSB transition in normal bone development and have important
implications for developing strategies for the management of bone-related diseases, including enhancing
bone regeneration or inhibiting heterotopic bone formation.

RESULTS
EC-to-OSB transition occurs in early endochondral bone development

To address whether EC-to-OSB transition occurs in normal bone development, we generated DRM
(Colla1-GFP/Tie2-Cre/Rosa-tdTomato), in which ECs are marked with tdTomato (RFP) from Tie2-Cre/
Rosa-tdTomato and OSBs are marked with GFP from 2.3-kb Col1a.1-GFP (Figure 1A). Tie2, also known
as TEK, is expressed during vessel development and plays a role in the formation of blood vessels.'”
The 2.3-kb a1(l) collagen promoter is mainly active in the pre-OSB and OSB stages of osteogenesis.'*'*

During early development, vascularization begins around embryonic day 8 (E8).'”'® Endochondral bone
formation occurs around E15, during which blood vessels enter the avascular cartilage and OSBs start to
appear,'” eventually replacing cartilage with bone. The primary ossification center (POC) marks the loca-
tion in which ossification starts in a developing bone. We found that in DRM, GFP* cells were observed
in the femur, tibia, and fibula of E15.5 embryos (Figure 1B), as well as shoulder, rib, forelimb, and hindlimb
(Figure S1A). Histological and confocal analysis showed that RFP* cells were abundantly present in the cen-
ter ofthe POCin E15.5 femurs (Figure 1C, arrow), consistent with POCs containing a highly branched vessel
plexus. Confocal images showed that GFP* cells in the POCs overlapped with RFP* cells in E15.5 femurs
(Figure 1C). Although cells in the center of the POC were RFP*, cells toward the endosteum gradually
gained GFP positivity (Figure 1C, arrowheads). We noted that some cells localized in the endochondral
areas showed higher RFP than GFP signals, whereas others showed higher GFP than RFP signals. A
different plane of confocal images of E15.5 femurs is shown in Figure S2. Tie2" cells, on the expression
of Cre, irreversibly express RFP. Therefore, during the entire course of their lifespan, Tie2* cells will remain
RFP* even if they subsequently lose Tie2 gene expression. Together, these observations suggest that some
of the Tie2" cells are undergoing EC (RFP*)-to—OSB (GFP™) transition during early endochondral bone
formation.

EC-to-OSB transition occurs in early intramembranous bone development

Next, we examined whether EC-to-OSB transition also occurs in intramembranous bone formation in the
head. In E15.5 DRM, we found that GFP* cells were observed in the calvariae and mandible regions,
with the frontal calvariae showing abundant GFP* signals, followed by the parietal calvariae, and the occip-
ital bone showing the least GFP" signals at this developmental stage (Figures 1D and S1B). In frontal cal-
variae, confocal images showed co-localization of GFP* and RFP™ signals in the calvarial OSBs (Figure 1E,
arrowheads). These observations suggest that a fraction of Tie2" cells are able to become GFP* OSBs, and
that EC-to-OSB transition occurs during intramembranous bone formation.

EC-to-OSB transition occurs in adult mouse femurs and calvariae

In the postnatal day 30 (P30) mouse femur, RFP* cells were found to be distributed in the growth plate area
and in the bone marrow (Figure 2A). In trabecular bone in the metaphysis, RFP*/GFP* dual positivity was
found in OSBs present on the bone surface (Figure 2A, top row, arrows) as well as in osteocytes (arrow-
heads). Among the RFP*/GFP" dual-positive cells, some showed higher GFP than RFP signals, whereas
others showed higher RFP than GFP signals. Such varied intensity was also observed in the developing
E15.5 embryonic bone (Figures 1C and 1E). In the diaphysis area, where trabecular bones were less abun-
dant, RFP*/GFP* dual-positive cells were also found on the trabecular bone surface (Figure 2A, bottom
row, arrows) and in osteocytes (arrowheads). A similar phenomenon was observed in the tibia (Figure S3A)
and lumbar vertebra (Figure S3B). In P30 calvariae, RFP*/GFP™* dual-positive cells were observed on the sur-
face of calvariae (Figure 2B, arrows) as well as in osteocytes (arrowheads), including at the midline suture
region (Figures 2B and S3C). Results similar to those in P30 femurs or calvariae were also observed in femurs
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Figure 1. Endothelial-to-osteoblast transition in endochondral and intramembranous bones in embryonic day
15.5 mouse embryo

(A) Breeding scheme of Col1a.1-GFP/Tie2-Cre/Rosa-tdTomato mouse (dual-reporter mouse). The black arrowhead in the
Rosa gene promoter indicates a lox-stop-lox sequence.

(B) EC-to-OSB transition during endochondral bone formation in DRM. Left, photo of an E15.5 embryo.Right, GFP
expression at the POC in mouse femur, tibia, and fibula.

(C) Histology and confocal images of the POC in an E15.5 embryo femur. H&E and expression of RFP (Tie2), GFP (Col1),
and merged RFP/GFP/DAPI images. The boxed areas in the left images, enlarged in the right images, show co-
localization of RFP* and GFP* cells. Arrow, POC; arrowheads, RFP*/GFP" dual-positive cells.

(D) EC-to-OSB transition in calvaria of an E15.5 embryo. Left, photo of an E15.5 embryo head.Right, GFP expression in
E15.5 calvarial bone, including the frontal, parietal, and occipital bones.Yellow lines, plane of dissection for (E).

(E) Histology and confocal images of a mouse E15.5 calvaria, analyzed as in (C). The boxed areas in the left images,
enlarged in the right images, show RFP*/GFP* dual-positive cells (arrowhead). Bars, 50 pm.
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Figure 2. Endothelial-to-osteoblast transition in endochondral and intramembranous bones in postnatal day 30

mouse
(A) Confocal images of growth plate/metaphysis/diaphysis area of a femur from a P30 DRM. The boxed areas at left are

enlarged at right. Box 1, metaphysis (mp). Box 2, diaphysis (dp). Arrows, RFP"/GFP" dual-positive OSBs on bone surface;

arrowheads, dual-positive osteocytes.
(B) Confocal images of intramembranous bone in a postnatal P30 calvaria. Boxes, enlarged areas on each side of the

midline suture junction. Arrows and arrowheads as in (A).

and calvariae from 6-month-old DRM (Figure S4). These observations suggest that EC-to-OSB transition
occurs during bone formation in both the embryonic and adult stages.

Tie2-RFP and Col1-GFP are co-expressed in the individual cells of dual-reporter mice

To further confirm that Tie2-RFP and Col1-GFP are co-expressed in the same cell, we isolated cells from the
bone marrow of DRM. The majority of fluorescence-positive cells in bone marrow samples were RFP*, as
expected (Figure 3A, upper panels). For the RFP"/GFP" dual-positive cells found in the bone marrow,
the levels of RFP and GFP in the individual cells varied (Figure 3A, lower panels), as was also the case for
the RFP*/GFP" dual-positive cells in the femurs (Figure 2A). Although rare, RFP* or RFP*/GFP* cells
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Figure 3. Co-expression of RFP and GFP in individual cells and transition of RFP* bone marrow endothelial cells to RFP*/GFP*osteoblasts in vitro
(A) Bone marrow cells were isolated from a femur of a 3-month-old DRM mouse. Several cells were selected to show the varying levels of RFP and GFP
expression in RFP*/GFP* dual-positive cells.

(B) Blood cells from 3-month-old DRM. Red blood cells were removed by hypotonic disruption in NH,4Cl lysis buffer. Circulating RFP*™ or RFP*/GFP™ dual-
positive cells were found in blood samples.

(C) Calvarial OSBs from a 3-month-old DRM were isolated by collagenase digestion. Calvarial OSBs showed RFP*/GFP* dual positivity with varying levels of
RFP and GFP. Arrowheads, nuclei with faint DAPI signals.

(D) Procedure for isolating bone marrow endothelial cells (BMECs) from femurs of DRM.

(E) BMECs were RFP* but GFP™.

(F) BMECs formed a tube structure in an endothelial tube formation assay.

(G and H) BMECs from (E) were cultured in StemPro osteogenic medium with and without BMP4 (100 ng/mL) for 21 days. BMP4 and media were refreshed
twice per week. GFP™ cells became GFP™ after 21 days. Alizarin Red S (ARS) staining showed mineralized bone nodules in control and BMP4-treated RFP*/
GFP" BMECs. The staining was quantified using ImageJ software. Data are represented as mean +SD (H) CD31" cells were isolated from BMECs from
(E) with rat anti-mouse CD31 antibody—conjugated Dynabeads. CD31" cells were subjected to in vitro osteogenic assays as described in (G). Data are
represented as mean +SD.

were also observed in DRM blood (Figure 3B). The presence of RFP*/GFP* OSBs in mouse blood is consis-
tent with previous reports by Eghbali-Fatourechi et al.’® and Suriyachand et al.,'? which showed circulating
OSB-lineage cells in human blood samples. In contrast to bone marrow and blood samples, calvarial OSBs
isolated by collagenase digestion of DRM calvariae were all RFP*/GFP* dual positive with varying degrees
of RFP or GFP in the individual cells, as expected (Figure 3C). These observations suggest that Tie2-RFP
and Col1-GFP are co-expressed in the same cells from DRM.

RFP* bone marrow endothelial cells can transition to GFP* osteoblasts in vitro

To examine whether ECs isolated from the bone marrow of DRM can transition to OSBs in vitro, bone
marrow cells were flushed out of the femurs and tibias of a 7-week-old DRM. Bone marrow cells were pro-
cessed as described by Soleimani and Nadri®® (Figure 3D), and the non-adherent cells, which were devoid
of bone marrow stromal cells, were collected. To enrich for bone marrow ECs (BMECs), the non-adherent
cells were plated onto gelatin-coated plates, then cultured in EC growth medium, both of which are essen-
tial for BMEC growth71 (Figure 3D). Isolated BMECs were RFP* but GFP~, as expected (Figure 3E). To
confirm their EC properties, we performed endothelial tube formation assays. BMECs formed vessel net-
works, a characteristic EC phenotype, when cultured on Matrigel (Figure 3F). The RFP* BMECs (from Fig-
ure 3E) were cultured in osteogenic medium with or without BMP4 for 21 days. Under these conditions,
RFP* BMECs turned into RFP*/GFP" dual-positive cells (Figure 3G). Alizarin Red staining showed that
the RFP*/GFP™ clusters were mineralized bone nodules (Figure 3G). Because the StemPro osteogenic me-
dium contains an unspecified concentration of BMP2, we found that RFP*-to-RFP*/GFP™" transition also
occurred without exogenous BMP4 (Figure 3G, Control). However, when medium was diluted 2-fold to
reduce the strength of the endogenous supplements, RFP*-to-RFP*/GFP* transition and mineralization
were nevertheless enhanced by the addition of BMP4 (Figure 3G, BMP4). We further isolated CD31" ECs
from the Tie2" BMECs using CD31 magnetic beads (Figures S5A and S5B). The ability of CD31* BMECs
to form vessel networks on Matrigel is shown in Figure S5C. We found that these Tie2*/CD31"* ECs turned
into RFP*/GFP* dual-positive cells and mineralized on culturing in StemPro osteogenic medium
(Figure 3H).

RFP* mouse lung endothelial cells can transition to GFP* osteoblasts in vitro

To examine whether EC-to-OSB transition can occur in ECs from non-skeletal tissues, we digested lungs
from DRM with collagenase Il, plated the cells on gelatin-coated plates, and cultured the cells in EC growth
medium to isolate mouse lung ECs (MLECs) (Figures 4A and 4B). When plated on Matrigel in EC growth
medium, RFP* MLECs exhibited EC properties, as they formed extensive vessel networks (Figure 4C,
enlarged). They were subsequently treated with BMP4 in serum-free medium for 3 days, during which
the RFP" vessel networks disappeared and the cells around the vessel branching points aggregated into
ball-like structures (Figure 4D, arrows). When these ball-like structures were incubated in osteogenic me-
dium for 17 days, we observed the appearance of GFP positivity in the MLECs (Figure 4D). We also directly
incubated MLECs isolated from lung tissue (from Figure 4B) in osteogenic medium for 21 days and found
the appearance of GFP positivity in the RFP* MLECs (Figure 4E). Although the osteogenic medium contains
BMP2, treating with BMP4 further enhanced the transition to RFP*/GFP* cells (Figure 4E). Alizarin Red
staining showed the mineralization of the RFP*/GFP* MLEC clusters (Figure 4E). Furthermore, CD31 mag-
netic bead—purified Tie2*/CD31" ECs (Figures S5D and S5E) turned into RFP*/GFP* dual-positive cells and
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Figure 4. Transition of RFP*lung endothelial cells to RFP*/GFP™ osteoblasts in vitro

(A) Procedure for isolating MLECs from DRM and inducing OSB transition.

(B) MLECs were RFP" but GFP™.

(C) MLECs formed a tube structure in an endothelial tube formation assay. The boxed area in the RFP image is enlarged at right.

(D) MLECs in (C) were treated in serum-free DMEM for 3 days with or without BMP4 (100 ng/mL), during which the RFP™ vessel network disappeared and cells
around the vessel branching points aggregated into ball-like structures; these were further incubated in osteogenic medium with or without BMP4 (100 ng/
mL) for 17 days. Arrows, RFP* ball-like structures became RFP*/GFP™.

(E and F) MLECs from (B) were cultured in osteogenic medium for 21 days with or without BMP4 (100 ng/mL). Media were refreshed twice weekly. Alizarin Red
S (ARS) staining showed mineralized bone nodules in the RFP*/GFP" MLEC clusters, and the staining was quantified using ImageJ software. Data are
represented as mean +SD (F) CD31% MLECs were isolated from (B) using rat anti-mouse CD31 antibody-conjugated Dynabeads. Tie2*/CD31" cells were
subjected to in vitro osteogenic assays as described in (E). Data are represented as mean +SD.

mineralized on culturing in StemPro osteogenic medium (Figure 4F). The ability of CD31" MLECs to form
vessel networks on Matrigel is shown in Figure S5F. These data demonstrate that RFP* MLECs are capable
of transitioning to RFP*/GFP* OSBs when cultured in osteogenic medium, which suggests that EC-to-OSB
transition also occurs in ECs from non-skeletal tissues in vitro.

RNA-sequencing analyses of RFP* versus RFP*/GFP™ cells reveal transcriptomic changes
during EC-to-OSB transition

We next compared the transcriptomes of RFP* cells versus RFP*/GFP* (EC-OSB) cells. Bone marrow cells were
spun out of the femurs and tibias of two 3-month-old DRMs by centrifugation. The bone marrow cells were
sorted by fluorescence-activated cell sorting (FACS) (Figure 5A). The distribution of RFP*, RFP*/GFP* dual-pos-
itive, and GFP™ cells was found to be about 71.1%, 2.5%, and 0% of total pooled cells, respectively (Figure 5A).
Thus, no GFP* cells were collected from the bone marrow. The study was repeated with similar results.

RNAsequencing (RNAseq) analysis was performed on the sorted RFP* and RFP*/GFP* cells. Differential gene
expression analysis was performed using DeSeq?2 software, with a false discovery rate cutoff of 0.05 and a fold-
change cutoff of 2, resulting in 644 upregulated genes and 525 downregulated genes (Table S1) (Gene Expres-
sion Omnibus accession number GSE207839). Gene set enrichment analysis (GSEA) using curated gene sets
revealed upregulated matrisome, extracellular matrix, and collagen pathways in RFP*/GFP™ EC-OSB hybrid
cells (Figure 5B). The top upregulated genes in RFP*/GFP* cells relative to RFP* cells included Colla and
2, Col11a1, Col5a2, Col14al, Sparc, Dcn, and Lox (Figure 5C), consistent with an increase in deposition of
collagen and extracellular matrix during bone formation.””** Moreover, GSEA using hallmark gene sets iden-
tified epithelial-to-mesenchymal transition (EMT) among the top biological processes in RFP*/GFP* EC-OSB
hybrid cells (Figure 5D), consistent with similarities between EMT and endothelial-to-mesenchymal transition.”*
Of interest, GSEA using regulatory target gene sets identified multiple GATA gene signatures, including
GATA_Q6, GATA_C, and GATA3_01, among the top 10 transcription factor gene signatures (Figure 5E).
The GATA family of transcription factors plays a role in multiple aspects of vertebrate development.””?
GATA3 plays an important role in EC biology?’ and is an important regulator of development of T cells,
including Th2 24 and regulatory T cells.>’ GATA4 was previously shown to be involved in OSB differen-
tiation,>” neural crest and craniofacial skeleton development,33 and tooth development.34 GATA6 was
shown to play a role in vertebrate chondrogenesis.>® These studies suggest that distinct GATA family
genes may be involved in EC-to-OSB transition. To examine which GATA family genes are involved, we
examined the expression of six GATA family genes in MLECs and found that higher mRNA levels were de-
tected for GATA3, 4, and 6in MLECs (Figure 6A). However, only GATA3 and 4 expression were upregulated
during BMP4-induced MLEC-to-OSB transition (Figure 6A). In 2H11, a lymphoid EC line™ previously shown
to undergo BMP4-induced EC-to-OSB transition,’ GATA3 expression was the most highly expressed GATA
family gene. GATA3 expression was upregulated during BMP4-induced 2H11 EC-to-OSB transition (Fig-
ure 6B). These observations suggest that GATA3 may be involved in EC-to-OSB transition.

We next examined the role of GATA3 in EC-to-OSB transition using 2H11 ECs. We previously found that on
BMP4 treatment, 2H11 ECs transition to OSBs by day 2-3 in serum-free medium and then undergo OSB differ-
entiation and mineralization on days 3 through 20 in OSB differentiation medium.” Notably, we found that
GATA3 expression was highest during the early phase of EC-to-OSB transition (Figure 6C). Knockdown of
GATA3 by shRNA, as shown by mRNA and protein levels (Figure 6D), significantly reduced BMP4-induced
expression of OSX and osteocalcin (encoded by Bglap), which are reflective of EC-to-OSB transition (Figure 6E),
and mineralization (Figure 6F). These results suggest that GATA3 plays a role in EC-to-OSB cell fate transition.
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Figure 5. RNA-sequencing analysis of RFP*/GFP*versus RFP* cells
(A) Pooled bone marrow cells from DRM were sorted by FACS, and RFP* and RFP*/GFP™ cells collected.

(B) GSEA of differentially expressed genes from RNAseq analyses of RFP*/GFP* (EC-OSB) versus RFP* cells. NES,
normalized enrichment score.

(C) The top upregulated genes in RFP"/GFP™ (EC-OSB) cells relative to RFP™ cells.
(D) Hallmark gene set analysis identified EMT as among the top biological processes in RFP*/GFP™ cells.

(E) Regulatory target gene set analysis showed that GATA genes, including GATA_Qé, GATA_C, and GATA3_01, were
among the top 10 transcription factor gene signatures.

DISCUSSION

Using lineage tracing, we showed that Tie2-RFP* and Col1a.1-GFP* dual-positive cells are present in cells
lining the bone. In addition, Tie2-RFP* cells isolated from bone marrow or lungs were able to transition into
Col1a1-GFP* OSBs when cultured in vitro, as summarized in Figure 6G. Although several cell types,
including bone marrow stromal cells®” and adipocyte stem cells,*® have been shown to be precursors of
OSBs, our study provides evidence that ECs are also a cellular precursor of OSBs during normal bone for-
mation. Our previous studies have shown that EC-to-OSB transition plays a role in PCa-induced bone
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Figure 6. GATAS3 transcription factor in endothelial-to-osteoblast transition

(A-C) gRT-PCR of MLEC mRNA for the expression of GATA family genes before and after BMP4 treatment for 14 days (B) GATA family gene expression in
2H11 ECs after BMP4 treatment for 2 days (C) Time course of GATA3 induction during BMP4-induced EC-to-OSB transition of 2H11 ECs.

(D) Knockdown of GATA3 by shRNA in 2H11 ECs, as shown by mRNA and protein levels.

(E) shRNA knockdown of GATA3 significantly reduced BMP4-induced OSX and osteocalcin (Bglp) expression in 2H11 cells.

(F and G) Knockdown of GATA3in 2H11 cells reduced BMP4-induced mineralization. Left panel, Alizarin Red S (ARS) staining. Right panel, enlarge image
(X10) of left panel. The staining was quantified using ImageJ software. Data in A-E are represented as mean +SD (G) Graphical summary. Using lineage
tracing, we showed that Tie2-RFP" and Col1a1-GFP* dual-positive cells are present in cells lining the calvaria bone, femur, and other bones. We also isolated
ECs from bone marrow or lung of DRM and showed that they could become OSBs when cultured in osteogenic medium. These observations suggest that

EC-to-OSB transition occurs during normal bone development.
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formation in the metastatic progression of PCa in bone.” Together, these results suggest that EC-to-OSB
transition occurs in both normal bone development and pathological conditions. Our findings suggest a
new paradigm that ECs participate in normal bone development, which has implications for both bone
repair and bone metastasis treatments.

Although Tie2 is also expressed in other cell types, including hematopoietic cells*”“? and macrophages,*' we
selected bone marrow or lung Tie2" ECs by culturing cells in a gelatin-coated plate with EC growth medium.
We also confirmed their endothelial properties by performing tube formation assays. In addition, we showed
that Tie2"/CD31" cells can become OSBs. Medici et al.** also reported EC-to-OSB transition in human umbilical
vein ECs and human cutaneous microvascular ECs in vitro. We previously showed that EC-to-OSB transition can
occur in murine EC lines, including 2H11 and SVR.” Together, these studies provide strong evidence that EC-to-
OSB transition can occur in vivo as well as in primary ECs from various tissues and several EC lines.

In normal bone development, we found that only Tie2* ECs located on the bone surface become OSBs,
suggesting that the local environment plays a role in regulating cell-type transition. Because BMPs are en-
riched in bone tissue, it is possible that Tie2* ECs located on the bone surface are stimulated by BMPs pre-
sent in the bone microenvironment. Of interest, Gunne-Braden et al.**> showed that GATA3 is an early
commitment gene that mediates commitment to BMP4-driven differentiation of human embryonic stem
cells. Our observation that GATA3 is among the top transcription factors upregulated in RFP*/GFP" cells
suggests that BMP4 likely plays a role in regulating EC-to-OSB transition in vivo. It is also possible that
Tie2" ECs that are localized on the bone surface have unique properties. For example, Sanchez-
Duffhues et al.** reported that human and murine ECs lacking primary cilia are prone to undergo mineral-
ization in response to BMP stimulation in vitro. These possibilities remain to be examined.

We observed different RFP/GFP ratios in EC-OSB hybrid cells both in isolated individual cells and in OSBs
rimming the bone surfaces of calvariae or femurs. Although different RFP/GFP ratios may be because of
differences in levels of expression from Tie2-Cre and Col1-GFP transgenes, we cannot exclude the possi-
bility that different RFP/GFP ratios are attributable to different stages of EC-to-OSB transition. In E15.5 em-
bryos, when blood vessels are entering the avascular cartilage and OSBs are starting to appear, the RFP*
cells may be undergoing different stages of EC-to-OSB transition, with a high RFP/GFP ratio in the early
stage of EC-to-OSB transition and a low RFP/GFP ratio when the cells become more mature OSBs. A similar
phenomenon was seen in femurs, in which OSBs on the bone surface exhibited different RFP/GFP ratios;
these EC-OSB cells may be at different stages of EC-to-OSB transition. However, we also observed
different RFP/GFP ratios in the circulating EC-OSB cells. Whether these circulating EC-OSB cells are
released into circulation while they are undergoing different stages of EC-to-OSB transition is unknown.

Our studies demonstrate that Tie2" ECs provide one source of OSBs. Other cell populations in the bone
marrow, including NG2" pericytes,”” LepR™ cells, """ and Gli1* cells,"® have been reported to have osteogenic
capacity. We also examined whether other RFP* cells, e.g., CD31~ RFP* cells, have capacity for OSB differen-
tiation. We collected DRM bone marrow and lung RFP* cells that did not bind to CD31—magnetic beads
(CD31~ RFP* cells) for an osteogenesis assay. We found that these CD31~ RFP* cells were also able to form
vessel structures in the tube formation assay. Upon culturing in OSB differentiation medium, these CD31~
RFP™ cells differentiated into OSBs and formed mineralized bone matrix (Figure S6). Bone marrow stromal cells
(BMSCs or MSCs) have been shown to be a main source of OSBs.”” To examine whether BMSCs have features
similar to those of EC progenitors, we isolated BMSCs based on the procedure described by Soleimani and
Nadri.”® We found that BMSCs from DRM were RFP* (Tie2") (Figure S7). However, these RFP* BMSCs did
not form vessel networks in the tube formation assay (Figure S7). The RFP* BMSCs were able to mineralize
on culturing in osteogenic differentiation medium (Figure S7). These observations indicate that like ECs,
BMSCs are Tie2" and can form OSBs. However, BMSCs differed from ECs in that BMSCs did not exhibit the
endothelial vessel-forming property. Thus, Tie2* BMSCs, besides Tie2" ECs, can be a source of OSBs.

Another interesting question is the relative contribution of BMSC-to-OSB differentiation and EC-to-OSB
transition in the normal bone development process. Because OSBs could be generated from both Tie2"
ECs and Tie2" BMSCs in our study model, the relative contribution of BMSC-to-OSB differentiation and
EC-to-OSB transition in the normal bone development process cannot be determined. To determine
the fraction of OSBs that are contributed from each source, strategies that distinguish OSBs from different
progenitor sources will be needed.
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Endothelial progenitor cells are capable of differentiating into multiple cell types through different
signaling pathways.”® Through endothelial-to-hematopoietic cell transition (EHT), endothelial cells transi-
tion to multi-lineage hematopoietic stem and progenitor cells. Endothelial cells can also acquire charac-
teristics of fibroblasts, smooth muscle cells, osteocytes, adipocytes, and chondrocytes through endothe-
lial-to-mesenchymal transition (EndMT).*" It is of interest to know whether the signaling pathways leading
to EC-to-OSB transition overlap with EHT or EndMT. During EHT, retinoic acid signaling, which leads up-
regulation of c-Kit and Notch,*° is required for specification of hemogenic endothelial cells. In contrast,
activation of the B-catenin, TGFB, and BMP pathways is implicated in EndMT. During EndMT, the ECs
respond by partial downregulation of endothelial markers, followed by upregulation of mesenchymal
markers, including matrix proteins, metalloproteases, or cytoskeletal proteins.”® We have previously
delineated the signaling pathways mediating EC-to-OSB transition in endothelial cell lines 2H11 and
SVR.” We found that for BMP4-induced EC-to-OSB transition to occur, inhibition of angiogenesis through
the Smad1-Notch-Hey1 pathway plus activation of osteogenesis through the p38MAPK(p44/42ERK,AKT)-
GSK3B-B-catenin-Slug pathway are required. In addition, Smadil-regulated DIx2 plays a role in
converging the Smad1 and B-catenin pathways during EC-to-OSB transition.” By comparing the signaling
pathways of EC-to-OSB transition with those for EHT and EndMT, we found that EC-to-OSB transition
shares similarity with those of EndMT, including the involvement of the B-catenin and BMP pathways
and the secretion of matrix proteins, e.g., Tenascin C and fibronectin.” Furthermore, we showed that ret-
inoic acid signaling inhibits EC-to-OSB transition and may be used as a strategy to reduce the generation
of aberrant bone formation from BMP4-stimulated EC-to-OSB transition.”’ This is in contrast to the
requirement of retinoic acid signaling for EHT.?” Thus, the signaling pathways leading to EC-to-OSB tran-
sition overlap with EndMT.

Although we used GSEA to identify GATA transcription factors that were upregulated in EC-OSB hybrid cells
compared to ECs, it would be interesting to know transcription factors that are downregulated in EC-to-OSB
transition, which might be correlated with EC lineage specification and maintenance. To interrogate this, we
used i-cisTarget software®”>® to analyze the potential transcription factors responsible for the downregulated
genes from the RNAseq data. We identified IRF4, MEF2A, TCF12, MyoD, ETS1, EP300, TCF3, and CHD1 as
candidates. Some of these genes have been implicated in lineage differentiation. For example, Irf4 was shown
to regulate T cell differentiation by preventing T lymphoid-primed progenitors from adopting the myeloid
fate.>" MEF2A plays an important role in neural stem cell differentiation.”® TCF12 downregulation plays an
essential role in the osteogenic differentiation of bone marrow mesenchymal stem cells.”® MyoD s required
for myogenic determination during early embryogenesis.”” ETS1 plays a role in the differentiation of human
hematopoietic progenitor cells into megakaryocytic differentiation by suppressing erythroid differentiation.”®
ETS1is also involved in the lineage differentiation of CD8 T cells.”” The roles of these transcription factors in EC-
to-OSB transition will be examined in our future studies.

A role of ECs in supporting osteogenesis has been reported by Kusumbe et al.,*° who showed that a
specialized capillary EC subtype, termed type H, coupled angiogenesis and osteogenesis in adolescent,
adult, and aging mice.®” In contrast, embryonic and early postnatal long bone contains a specialized EC
subtype, termed type E, that supports OSB lineage cells.®’ These studies suggest that ECs play a role in
supporting osteogenesis; however, whether some of these ECs can become OSBs was not addressed.
Our studies showed that a fraction of Tie2* ECs can become OSBs that can mineralize to form bone. It
is not clear how the Tie2* ECs in our study compare to the specialized EC subtypes.®®®' Nevertheless,
these studies suggest that ECs play a critical role in OSB formation, directly or indirectly.

In conclusion, we have demonstrated that ECs are a source for OSBs in normal bone development. This
new understanding of bone formation may contribute to the development of strategies for treating various
bone diseases.

Limitations of the study

Although Tie2 is expressed in ECs, Tie2 is an early promoter and also expressed in hematopoietic cells and
many other cell types.dO A more endothelial-specific marker, e.g., vascular endothelial (VE)-cadherin,®? may
be considered. Similarly, the 2.3-kb Col1a1 promoter is an early promoter and collagens are expressed in
pre-OSB and OSB stages.'? However, a late promoter may not capture the transition that occurs during the

early lineage commitment. Further study will be required to address these issues.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GATA3 R&D Systems MAB6330-S, RRID: AB 10640
GAPDH(D16H11) Cell Signaling Technologies #5174, RRID:AB_10622025
Rat anti-mCD31 (MEC 13.3) BD Pharmingen #553370

Chemicals, peptides, and recombinant proteins

BD Matrigel growth factor reduced BD Biosciences #354230
Dynabead-sheep anti-rat IgG Life Technologies #11035
Recombinant human BMP4 R&D Systems 314-BP

Critical commercial assays

StemPro osteogenesis differentiation kit Life Technologies A10072-01
Endothelial cell growth supplement (ECGS) Sigma #02-101

Deposited data

Raw and analyzed data GEO: GSE207839

Experimental models: Cell lines

2H11 mouse lymphoid endothelial cells ATCC #CRL-2163, RRID: CVCL_6762
Col1a1-GFP transgenic mice, Jackson Laboratory #013134, RRID:IMSR_JAX:013134
B6.Cg-Tg(Col1a1*2.3-GFP)1Rowe/J

Tie2-Cre transgenic mice, Jackson Laboratory #004128, RRID:IMSR_JAX:004128
B6.Cg-Tg(Tek-cre)12FIv/J,

Rosa-tdTomato (RFP) mice, Jackson Laboratory #007914, RRID:IMSR_JAX:007914

B6.Cg-Gt(ROSA) 26Sorm14(CAG-tdTomatoltize |

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Sue-Hwa Lin (slin@mdanderson.org).

Materials availability

This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECTDETAILS

Animals All animal procedures were conducted in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and approved by Institutional Animal Care and Use Committee
(approval No. 00000926-RN03). All efforts were made to minimize animal suffering and discomfort and to
reduce the number of animals used. Experiments were performed using E15.5 and 1-6-month-old male
and female mice.
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METHOD DETAILS

Generation of dual-reporter mice

The Col1a1-GFP/Tie2-Cre/Rosa-tdTomato DRM were generated by crossing Col1a1-GFP transgenic mice
(Jackson Laboratory #013134), Tie2-Cre transgenic mice (Jackson Lab #004128), and Rosa-tdTomato (RFP)
mice (Jackson Laboratory #007914). Mice were the C57BL/6 strain. The Rosa-tdTomato mice were first bred
with female Tie2-Cre mice to generate Tie2-Cre/Rosa-tdTomato (RFP reporter) mice. Female RFP reporter
mice were mated with Col1a1-GFP mice to generate DRM mice. All the mouse strains and other key re-
agents used in this study are listed in key resources table. Primer sequences used are listed in Table S2.

Mouse manipulations were approved by the MD Anderson Cancer Center Institutional Animal Care and
Use Committee.

Embryo collection and histology

Based on the timed pregnancy, embryos at various stages were collected from the breeding of DRM, and
the plug date was counted as embryonic day 0.5 post coitum (EO.5). We obtained two DRM embryos at
E15.5. These embryos were dissected, and skeletal tissues, including the head, frontal and parietal calvar-
iae, and hind limbs, were collected. Embryonic tissues were fixed in 4% paraformaldehyde (PFA) at 4°C,
equilibrated in sucrose gradients, and embedded in OCT for frozen blocks. The blocks were cut into 5-
um sections, processed, and counterstained with DAPI for histological analysis. Images were taken using
either an Olympus IX71, Leica DMi8 (with z-step focus), or Leica SP8 confocal fluorescence microscope.

Postnatal skeletal tissue collection and histology

Three 1-month-old and two 6-month-old DRM were dissected, and the calvariae, femurs, and tibias were
collected. Bones were fixed in 4% PFA and decalcified in 0.25M EDTA at 4°C. Skeletal tissues were pre-
pared and processed for histological analysis, and images were taken as described above.

Isolation of EC-OSB hybrid cells from calvariae

Calvariae of two 3-month-old DRM were dissected, attached soft membrane removed, and calvariae di-
gested with trypsin/EDTA for 10 min. Cells released into the supernatant were discarded. Subsequently,
bones were subjected to two consecutive rounds of digestion in 0.2% collagenase Il solution at 37°C for
1 h each. The two supernatants were pooled and filtered through a 70-um mesh, and cells were collected.
Blood was drawn from DRM, and red blood cells were lysed in NH4Cl lysis buffer. Isolated cells were stained
with DAPI and spotted on microscope slides for fluorescent imaging.

Isolation of bone marrow endothelial cells
BMECs were isolated according to a published protocol®°
8-week-old DRM were dissected. Bone marrow cells were collected, filtered through a 70-um mesh, and
plated in DMEM containing 15% FBS and penicillin/streptomycin at 20 x 10%mL overnight. The non-
adherent floating cells that contain BMECs were pelleted and cultured in a gelatin-coated plate containing
complete EC growth medium overnight. The attached cells were vigorously washed, and the remaining
adherent cells represented BMECs, passage 0. EC growth medium was refreshed every 3 days, and
BMECs were split when they reached ~70% confluency.

with minor modifications. Briefly, femurs of 6- to

Isolation of mouse lung endothelial cells

Lungs were collected from three 2- to 3-month-old DRM, placed in ice-cold PBS containing antibiotics, cut
into very small pieces, and digested with 0.2% collagenase Il. The digested cells were dispersed in a
16-gauge cannula, filtered through a 70-um mesh, and collected by centrifugation. Cells were cultured
in a gelatin-coated plate in EC growth medium overnight. The attached cells represented mouse lung
ECs (MLECs, passage 0). MLECs at passage 2 to 3 were used in in vitro studies.

In vitro tube formation of BMECs and MLECs

Tube formation assays were performed on growth factor-reduced Matrigel. Icy cold Matrigel was laid
down on the bottom of wells in a 24-well plate in duplicate and solidified in a tissue culture incubator
for 30 min. BMECs or MLECs were seeded on top of the Matrigel at 1 x 10% cells/well in 0.5 mL EC growth
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medium. Tube formation was recorded for up to 24 h. BMECs and MLECs tube formation assays were per-
formed two times and three times, respectively.

In vitro osteogenic differentiation assays for BMECs and MLECs

BMECs and MLECs were seeded in gelatin-coated 24-well culture plates at 1 x 10° cells/well with 0.5 mL EC
growth medium. Upon confluence, cells were cultured in serum-free DMEM in the absence or presence of
rhBMP4 (100 ng/mL)* for 3 days followed by culturing in StemPro osteogenic differentiation medium in the
absence or presence of hBMP4 (100 ng/mL) for a minimum of 21 days, with medium refreshed twice per
week. RFP and GFP fluorescence activities were monitored during the osteogenic differentiation period.
At the end, cells were fixed in formalin and incubated with Alizarin Red S (ARS) solution for calcium deposit
determination, and multiple images per well were quantified using ImageJ software. MLECs and BMECs
In vitro osteogenic differentiation assays were performed four times and three times, respectively. Similarly,
for osteogenic differentiation following in vitro tube formation assays, the vessels on Matrigel were
cultured in serum-free DMEM in the absence or presence of rhBMP4 (100 ng/mL) for 3 days, followed by
incubation in StemPro osteogenic differentiation medium in the absence or presence of rhBMP4
(100 ng/mL) for 17 days, with medium refreshed twice per week. RFP and GFP fluorescent activities were
monitored during the differentiation period.

Isolation of CD31" cells from MLECs and BMECs

Isolation of CD31* subpopulations of BMECs and MLECs was performed using anti-mouse CD31
antibody-conjugated Dynabeads. Conjugation of anti-CD31 antibody to Dynabeads was prepared ac-
cording to the manufacturer’s protocol. For selection of CD31" cells, BMECs and MLECs were incubated
with CD31-Dynabeads for 30 min at room temperature, followed by the magnetic-binding selection. The
selected cells were plated on gelatin-coated plates in EC growth medium for in vitro tube formation assays
as well as in vitro osteogenic differentiation assays as described above.

FACS and RNAseq analysis

Femurs of three 2- to 3-month-old DRM were used to isolate RFP* and RFP*/GFP* cells from the bone
marrow. Femurs with epiphyses removed were centrifuged to spin out the bone marrow cells. Cells were
filtered through a 40-um mesh prior to FACS analysis. The sorted RFP* and RFP*/GFP" cells were used
for RNAseq analysis. RNAs were prepared using the RNeasy kit (Qiagen) with DNase | treatments. RNAseq
was performed at the Advanced Technology Genomics Core at MD Anderson Cancer Center. RNA fastq
files were aligned to a Mus musculus genome assembly (version mm10 from Genome Reference Con-
sortium GRCm38) using STAR (2.6.0b),°° and raw counts were obtained using HTSeq.(’4 Differentially ex-
pressed genes were identified using DeSeq2 with a false discovery cutoff of 0.05 and a fold-change cutoff
of 2.°° GSEAPreranked was used for GSEA®** as we only had two replicates.

GATA gene family analysis

To induce EC-to-OSB transition in vitro, MLECs and the 2H11 lymphoid EC line were cultured in serum-free
DMEM overnight followed by treatment with BMP4 (100 ng/mL) in serum-free medium for 48 h as previously
described.” Total RNA was used for qRT-PCR analysis of GATAT-6 mRNAs using SYBR green fluorescence
signals (Applied Biosystems). Knockdown of GATA3 by shRNA in 2H11-shGATA3 clones 6 and 7 was
confirmed by qRT-PCR and Western blotting. Primer sequences used are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative results were expressed as mean + SD. The data was analyzed using two-sided Student’s
t-test. A value of p < 0.05 was considered to be statistically significant.
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