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Human Bone-Derived Endothelial Cells Mediate Bone
Regeneration via Distinct Expression of KIT Ligand
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Do-Gyoon Kim, Arin K. Greene, Bonnie L. Padwa, Nathaniel S. Hwang, Ruei-Zeng Lin,

and Juan M. Melero-Martin*

Effective bone regeneration remains a significant challenge in surgical
practice, particularly due to the limitations associated with autologous

bone grafting, such as donor site morbidity and limited bone availability.

This study investigated the potential of human bone-derived endothelial

cells (b-ECs) in mediating bone regeneration, especially in conjunction with
bone marrow-derived mesenchymal stem cells (bm-MSCs). It is demonstrated
that b-ECs retain unique osteoinductive properties post-isolation,

crucial for promoting bone formation in vivo. Utilizing ectopic and orthotopic
xenograft models in immunodeficient mice, these findings revealed that the
synergistic interaction of b-ECs and bm-MSCs induced rapid and substantial
bone formation, highlighting the therapeutic potential of b-ECs in bone repair
strategies. The distinct expression of KIT ligand (KITLG) in b-ECs emerged

as a key factor in these processes. KITLG expression by b-ECs facilitated

1. Introduction

Regeneration of bone defects remains a sig-
nificant challenge in surgical practice. An-
nually, over three million musculoskeletal
procedures are performed in the United
States, with approximately half involving
the repair of bone defects.'l Autologous
bone grafting is the method of choice for
bone repair due to its reduced risk of
infection, enhanced osseointegration, and
growth compatibility with the patient. How-
ever, the applicability of this method is con-
strained by the limited availability of donor
bone and the morbidity associated with
bone harvesting.[23] These limitations are

the recruitment of c-Kit+/CD34+ hematopoietic progenitor cells to the
osteovascular niche, leading to robust osteogenic differentiation of bm-MSCs,
a process regulated by Notch signaling. Moreover, inducing KITLG expression
in non-bone-derived endothelial cells conferred similar osteoinductive
capabilities. These findings not only enhance the understanding of the
intricate interplay between vascular and bone tissues but also open avenues
for developing innovative cell-based approaches for bone regeneration therapy.

particularly acute in the pediatric popula-
tion, where the scarcity of transplantable
bone further complicates the situation.[*3]
Consequently, there is a pressing clinical
need for novel approaches to bone repair.l°!

In recent years, the quest for effective
bone regeneration strategies has intensi-
fied, focusing on various modalities such
as bone grafts, biocompatible scaffolds,
growth factors, and, notably, stem cells.
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Among these, exploiting the osteogenic potential of bone
marrow-derived mesenchymal stem cells (bm-MSCs) has been a
long-standing focus in regenerative medicine for bone repair.l”?!
The clinical adoption of MSC-based therapies holds substantial
promise due to their potential to circumvent donor-site morbid-
ity associated with autologous bone grafting, mitigate the risk of
graft resorption, and provide a renewable source of bone graft
substitutes. However, translating these MSC-based approaches
into clinical practice faces significant challenges. These include
the efficient engraftment of human bm-MSCs and the realization
of their osteogenic potential in a physiological in vivo environ-
ment, which remains complex and unresolved.

Establishing stable engraftment of bm-MSCs in vivo has been
a persistent challenge in regenerative medicine.””%! Accumulat-
ing research reveals that MSCs are typically located within vascu-
lar niches in postnatal tissues, suggesting an intrinsic relation-
ship with vascular structures.® Indeed, the interplay of paracrine
signals between endothelial cells (ECs) and MSCs plays a cen-
tral role in the functionality of these niches.['*12] However, when
isolated for therapeutic purposes, MSCs lose their proximal in-
teraction with ECs, thereby disrupting this critical crosstalk. Our
previous studies showed the dependence of human bm-MSC
osteogenic potential on maintaining their proximity to ECs in
vivo.[13] We demonstrated that co-transplantation with ECs could
provide essential paracrine trophic factors like PDGF-BB, cru-
cial for the robust engraftment of bm-MSCs as perivascular cells.
Furthermore, we showed that the disruption of these EC-derived
factors significantly impairs the osteogenic differentiation capac-
ity of bm-MSCs.["3] These insights contributed to a better under-
standing of the engraftment process, marking a step forward in
enhancing the efficacy of MSC-based regenerative strategies.

An additional challenge in regenerative bone therapy is regu-
lating the osteogenic differentiation of the engrafted bm-MSCs
in vivo. Conventionally, this process has relied on the applica-
tion of exogenous factors, such as recombinant human bone
morphogenetic protein-2 (BMP-2) or parathyroid hormones.!1*15]
However, these approaches often result in a mineralized ma-
trix that lacks vascularization and fails to integrate effectively
with the existing bone tissue. Moreover, the use of high doses
of BMP-2 has been associated with undesirable effects, includ-
ing heterotopic bone formation, raising concerns about its clini-
cal applicability.'-!8] In vivo studies in mice have established the
crucial role of the bone endothelium in driving bm-MSC osteoge-
nesis during development.[1*2% However, the translation of these
findings to human physiology remains underexplored. Moreover,
it is unknown whether postnatal bone ECs (b-ECs) preserve their
osteoinductive capabilities ex vivo, a question vital to their po-
tential therapeutic value in driving osteogenic differentiation in
a clinical setting.

In this study, we demonstrate that b-ECs preserve their os-
teoinductive capabilities post-isolation. We show that when b-ECs
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and bm-MSCs are utilized together in xenograft models, they syn-
ergistically induce bone formation, underscoring the potential of
b-ECs in bone repair strategies. Furthermore, we elucidate that
this osteoinductive property is intrinsic to b-ECs and is primarily
attributed to their specific expression of KITLG, a pivotal medi-
ator in this process. This KITLG expression in b-ECs facilitates
the recruitment of c-Kit+/CD34+ hematopoietic progenitor cells
(HPCs) into the implanted grafts, which in turn mediates the
osteogenic differentiation of bm-MSCs via the Notch signaling
pathway. Notably, our findings also reveal that by inducing KITLG
expression in non-bone-derived ECs, these cells can acquire sim-
ilar osteoinductive abilities. Collectively, our findings not only re-
veal the critical role of b-ECs in regulating osteogenic differenti-
ation but also suggest that these tissue-specific endothelial char-
acteristics could be leveraged for future therapeutic strategies in
bone regeneration.

2. Results

2.1. Human Bone-Derived ECs Exhibit Osteoinductive Properties
In Vivo

In an effort to elucidate the osteogenic potential of b-ECs, we
obtained de-identified human iliac crest trabecular bone sam-
ples. The isolation of b-ECs entailed an enzymatic digestion reg-
imen utilizing collagenase/dispase, followed by the enrichment
of CD31+ cells (Figure S1A, Supporting Information). Flow cyto-
metric analysis of the freshly isolated b-ECs revealed a composi-
tion of ~40% CXCR4+/CD31+ arteriole ECs and 60% CXCR4-
/CD31+ sinusoid ECs (Figure S1B, Supporting Information),
consistent with previous findings.['') Upon expansion in culture,
the prevalence of these arteriole b-ECs increased to nearly 95%
(Figure S1B,Supporting Information), indicating their preferen-
tial propagation in vitro over their sinusoidal counterparts.

Further characterization confirmed that our cultured b-
ECs retained endothelial characteristics, as evidenced by their
morphological attributes and the expression of endothelial mark-
ers such as CD31/PECAM1, VE-Cadherin/CDHS5, VEGFR-2,
and vWF, while not expressing mesenchymal (CD90/THY1I,
CD140b/PDGFRB) or hematopoietic (CD45) cell markers
(Figure S1C-E, Supporting Information), with an average purity
exceeding 95%.

Next, we examined the capacity of b-ECs to form vascular
networks in vivo and their role in the osteogenic differentia-
tion of bone marrow-derived MSCs (bm-MSCs). We utilized a
biomimetic scaffold we previously developed for rapid and sus-
tained ossification. This scaffold, composed of chondroitin sul-
fate cryogel with whitlockite calcium phosphate nanoparticles,
is designed to facilitate the ossification process following the os-
teogenic differentiation of bm-MSCs.21] We seeded these scaf-
folds with cells resuspended in Matrigel and implanted them
subcutaneously into nude mice (Figure 1A). We initially com-
pared grafts containing bm-MSCs alone, bm-MSCs with b-ECs,
and bm-MSCs with ECFCs. However, we observed a significant
disparity in vascularization, with grafts containing bm-MSCs
and ECFCs showing much higher vascular density (%100 ves-
sels mm~2) compared to those with bm-MSCs and b-ECs (<50
vessels mm~2) (Figure 1B-D). To address this disparity and main-
tain the high level of vascularization necessary for successful
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Figure 1. Osteovascular niche formation in biomimetic scaffold implants with b-ECs. A) Diagram illustrating the subcutaneous (SC) implantation of
a scaffold with bm-MSCs and ECFCs alone or in combination with b-ECs into nu/nu mice. B) Macroscopic images of grafts containing bm-MSCs and
different combinations of ECs explanted at Week 1. Scale bar: 2 mm. C) H&E staining of grafts with b-ECs at Week 1, showing perfused blood vessels
(yellow arrowheads). Scale bar: 100 um. D) Quantification of perfused microvessel density in explanted grafts (n = 4; ***p < 0.001). E) Immunofluores-
cence staining for human-specific h-Vimentin (green) and RUNX2 (red, upper panel) or OSX (red, lower panel) in grafts with b-ECs at Week 1, indicating
the presence of pre-osteoblasts (yellow arrowheads) and blood vessels (white asterisks). Scale bar: 100 um. F) gPCR analysis of osteogenic markers
RUNX2, SP7 (OSX), and ALPL in grafts at Week 1 (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). G) Schematic representation of an osteovascular niche
within a graft containing b-ECs. All data are mean + s.e.m. n are biological replicates (D,F). Statistics are one-way ANOVA with Bonferroni’s post-test

analysis (D, F). Panels A and G were partially created with BioRender.com.

graft integration, we introduced a new group: bm-MSCs with a
1:1 mixture of b-ECs and ECFCs. This combination allowed us
to study the effect of b-ECs without compromising the vascular-
ization of the graft and its engraftment. Indeed, grafts with the
mixed EC population demonstrated vascularization levels com-
parable to those with ECFCs alone (Figure 1D), thereby optimiz-
ing the osteovascular outcomes in our biomimetic scaffold im-
plants.

Adv. Sci. 2025, 14194 e14194 (3 of 16)

Furthermore, grafts with b-ECs uniquely induced the ex-
pression of osteogenic differentiation markers compared to
those with only ECFCs or no ECs. After 1 week, only the
b-EC grafts showed a significant increase in cells expressing
RUNX2, osterix (OSX/SP7), and ALPL, indicating the onset
of an osteovascular niche and the initiation of bm-MSC dif-
ferentiation into osteoblasts (Figure 1E-G). This finding high-
lights the distinct ability of b-ECs to establish an osteovascular
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niche and promote early-stage osteogenic differentiation of bm-
MSCs.

2.2. Enhanced Ossification in Ectopic Grafts Vascularized by
b-ECs

To further elucidate the ability of b-ECs to induce ossification
at an ectopic site, we performed micro-computed tomography
(uCT) analysis on grafts containing b-ECs. As early as 1 week,
these grafts demonstrated substantial mineralization, with an in-
terconnected trabecular network becoming evident by Week 8
(Figure 2A,B; Figure S2A,B, and Video S1, Supporting Informa-
tion). In contrast, grafts without b-ECs exhibited minimal min-
eralization (Figure 2B). The enhanced mineralization in b-EC-
containing grafts also translated into superior mechanical prop-
erties, as evidenced by significantly higher compressive strength
(Young’s modulus) over time (Figure 2C; Figure S2C,D, Support-
ing Information).

Histochemical analyses at 4 weeks further confirmed the su-
perior bone collagen/matrix deposition in grafts with b-ECs, as
shown by H&E and Movat staining (Figure 2D, E; Figure S3, Sup-
porting Information). Von Kossa staining corroborated the ex-
tensive calcification within these grafts (Figure 2F). Additionally,
gene expression analyses at 6 weeks revealed elevated levels of
osteogenic and ossification markers, such as OPN and COLIA,
in grafts seeded with b-ECs (Figure 2G).

Notably, the emergence of pre-osteoblasts and subsequent os-
sification in these ectopic grafts occurred without the addition of
exogenous growth factors like BMP-2, which are commonly used
in bone tissue engineering. Importantly, our previous findings
demonstrated that the scaffold alone does not induce osteogenic
differentiation of bm-MSCs,!*!) further underscoring the inher-
ent osteoinductive property of b-ECs in directing bm-MSC differ-
entiation within the biomimetic scaffolds. These results demon-
strate that the presence of b-ECs significantly enhances ossifi-
cation and creates an environment conducive to bm-MSC os-
teogenic differentiation, independent of exogenous osteoinduc-
tive factors.

2.3. Robust Orthotopic Ossification of Critical-Size Calvarial
Defects

Our ectopic transplantation experiments demonstrated that b-
ECs can establish osteovascular niches at non-bone sites, inde-
pendent of endogenous bone regenerative signals. To further val-
idate the ossification capability of b-ECs, we transitioned to an
orthotopic model of nonhealing critical-sized calvarial defects,!**]
which is widely recognized for evaluating the inherent regenera-
tive potential of cells in non-load-bearing bones, such as the cal-
varium. This provides a platform to test the unique advantages
of b-ECs in bone regeneration.

We surgically generated critical-sized (4-mm) full-thickness
calvarial bone defects in adult nude mice and implanted scaf-
folds laden with bm-MSCs, alongside either ECFCs alone or a
1:1 combination of ECFCs and b-ECs (Figure 3A). Quantitative
UCT scans revealed substantial mineralized tissue formation ex-
clusively in grafts containing b-ECs over an eight-week period
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(Figure 3B,C; Figure S4C, Supporting Information). By week
eight, nearly complete mineralization of the defects was observed
in the b-EC grafts (Figure 3B). Histological evaluations further
confirmed the presence of an organized mineralized bone matrix
(Figure 3D) and a significant enrichment of human-specific os-
teocalcin (OCN)+ cells in grafts seeded with b-ECs (Figure S4A,B,
Supporting Information). Mechanical analysis using nanoinden-
tation revealed a progressive improvement in the material prop-
erties of these mineralized zones, significantly surpassing those
of grafts containing only ECFCs (Figure 3E,F).

Together, these findings emphasize the ability of b-ECs to
promote orthotopic bone regeneration, outperforming generic
ECFCs. Although this model does not assess weight-bearing
bone, it demonstrates the distinct advantage of bone-specific ECs
in enhancing bone regeneration.

2.4. Differentially Expressed KITLG in Human b-ECs Mediates
Osteogenesis In Vivo

To elucidate the role of b-ECs in osteogenesis, we conducted
bulk RNA-seq analysis comparing the gene expression profiles
of ECs derived from human bone tissue (b-ECs), white adipose
tissue (wat-ECs), and umbilical cord blood (ECFCs). While the
transcriptional analysis revealed overall similarities among these
EC types, reflecting their common endothelial lineage (Figure
4A), principal component analysis highlighted distinct clusters of
differentially expressed genes in each group, suggesting unique
functional roles (Figure 4B).

We specifically examined genes involved in growth factor ac-
tivity (gene ontology term GO:0 0 08083; 162 genes). Among the
top genes identified in b-ECs were KITLG and INHBA, both up-
regulated compared to ECFCs and wat-ECs (Figure 4C). While
INHBA is implicated in various cellular processes, including
tissue remodeling, inflammation, and fibrosis,[*?°! our focus
on KITLG was driven by its well-documented role in maintain-
ing hematopoietic niches,?”-3% particularly in bone tissue. Also,
the upregulation of KITLG in b-ECs was confirmed at both the
mRNA and protein levels (Figure 4D,E). This finding aligns with
previous studies in murine models, which have also demon-
strated selective KITLG expression in bone arteriole ECs.[?8] Nev-
ertheless, although KITLG is well-known for its role in maintain-
ing hematopoietic niches, its direct involvement in osteogenesis
has not been previously established.

To investigate KITLG’s specific effect on osteogenesis, we con-
ducted loss-of-function and gain-of-function studies by silenc-
ing KITLG in b-ECs (KITLG(KD)-b-ECs) and overexpressing it
in ECFCs (KITLG(OE)-ECFCs). Successful knockdown and over-
expression of KITLG were confirmed at both the mRNA (qRT-
PCR) and protein (ELISA) levels (Figure 5A,B). Scaffolds con-
taining bm-MSCs and these modified ECs were implanted as
ectopic grafts, and ossification was evaluated after four weeks.
Histological and pCT analyses showed that silencing KITLG
in b-ECs completely inhibited mineralization and bone ma-
trix formation (Figure 5C,D), whereas overexpressing KITLG in
ECFCs resulted in significant mineralization and increased bone
collagen deposition, similar to grafts with unmodified b-ECs
(Figure 5C-E). Full-graft low-magnification images with random-
ized high-magnification selections are provided for each group

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. Bone-derived ECs induce robust ossification of subcutaneous ectopic grafts. A) uCT images showing mineralized tissue in red at Weeks 1, 4,
and 8 post-implantation, with insets detailing the mineralized regions. Scale bar: 1 mm. B) Quantification of bone volume fraction (BV/TV) over the
implantation period (n = 3; *p < 0.05, ***p < 0.001). C) Compressive Young's modulus of scaffolds over time indicating increased mechanical strength
in b-EC-containing grafts (n = 3; **p < 0.01, ***p < 0.001). D) H&E staining illustrates the presence of blood vessels (yellow arrowheads) and bone
collagen deposition (blue asterisks) at Week 4. Scale bar: 100 um. E) Movat Pentachrome staining at Week 4 shows blood vessels (yellow arrowheads)
and mineralized bone matrix (blue asterisks). Scale bar: 100 pm. F) Von Kossa staining at Week 4 reveals mineralized bone tissue (black areas). Scale bar:
100 pum. G) qPCR results for bone regeneration markers OPN and COL1A at Week 6, indicating enhanced expression in b-EC-containing grafts (n = 3;
*p < 0.05, **p < 0.01). All data are mean + s.e.m. n are biological replicates (B, C, G). Statistics are one-way ANOVA with Bonferroni’s post-test analysis
(B, C, G).
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Figure 3. Bone-derived ECs induce robust ossification of calvarial bone defects. A) lllustration showing the implantation of a scaffold with bm-MSCs
and ECFCs, with or without b-ECs, into calvarial defects of nu/nu mice. B) uCT images at 1, 4, 6, and 8 weeks post-implantation, with the original defect
outlined by yellow dotted lines. Scale bar: 2 mm. C) Bone volume fraction (BV/TV) quantification across the implantation period (n = 3; **p < 0.01,
#%%p < 0.001). D) Movat Pentachrome-stained cross sections of grafts at Week 6; blue dotted lines demarcate graft regions, and blue arrowheads indicate
bone collagen deposition. Scale bar: 600 pm; inset scale bar: 100 um. E) Elastic modulus and F) contact hardness of mineralized areas within grafts
measured at 1, 4, 6, and 8 weeks post-implantation (n = 7-10; ***p < 0.001; n.s., not significant). All data are mean + s.e.m. n are biological replicates
(C, E, F). Statistics are one-way ANOVA with Bonferroni’'s post-test analysis (C, E, F). Panels A was partially created with BioRender.com.

(Figure S5, Supporting Information). Furthermore, the mechan-
ical properties, particularly compressive Young’s modulus, corre-
lated with the observed mineralization patterns (Figure 5F).

To further clarify these findings, we conducted additional con-
trol experiments modulating KITLG expression in b-ECs and
ECFCs. Overexpression of KITLG in b-ECs [KITLG(OE)-b-ECs]
did not further enhance osteogenic gene expression or affect
vascular network formation, suggesting that b-ECs already ex-
press KITLG at or near a functional threshold (Figure S6, Sup-
porting Information). Similarly, knockdown of KITLG in ECFCs
[KITLG(KD)-ECFCs], which endogenously express low KITLG
levels, did not impair osteogenesis or angiogenesis (Figure S6,
Supporting Information). These control experiments further val-
idate the central role of KITLG in mediating the osteoinductive
capacity of b-ECs.

Adv. Sci. 2025, 14194 e14194 (6 of 16)

Taken together, these results suggest that KITLG expression is
both necessary and sufficient for initiating osteogenic differen-
tiation, irrespective of the presence of bone-specific b-ECs. Col-
lectively, these findings indicate that KITLG is essential for b-EC-
driven osteogenesis and can confer osteogenic potential to other
EC types.

2.5. KITLG Modulates the Recruitment of Hematopoietic
Progenitor Cells

Given that c-Kit serves as the receptor for KITLG,!] we investi-
gated the recruitment of c-Kit+ cells in grafts containing b-ECs.
During the initial post-implantation phase at Week 1, grafts con-
taining b-ECs exhibited a pronounced increase in the c-Kit+ cell

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Differential expression of KITLG in human b-ECs. A) Venn diagram showing the number of up- and down-regulated genes (FC > 2; adjusted
p < 0.05) in b-ECs, wat-ECs, and ECFCs. Samples for each group are from 3 individual subjects. B) PCA of global gene expression profiles distinguishing
b-ECs, wat-ECs, and ECFCs. C) Heatmap of differentially expressed growth factor genes (GO:0 0 08083) with clusters enriched in b-ECs outlined by the
red dotted box. D) Relative KITLG mRNA expression in b-ECs, wat-ECs, and ECFCs measured by qPCR (n = 3; **P < 0.01). E) ELISA quantification of
KITLG protein secreted by b-ECs and ECFCs in 72-h conditioned media (n = 3; ***p < 0.001). All data are mean + s.e.m. n are biological replicates (D,
E). Statistics are one-way ANOVA with Bonferroni’s post-test analysis (D) and unpaired two-tailed Student’s t-tests (E).

population near blood vessels compared to those seeded with
ECFCs alone (Figure 6A). Immunofluorescence staining further
revealed that the majority of c-Kit+ cells recruited to these grafts
co-expressed CD34, consistent with a hematopoietic progenitor
cell (HPC) phenotype.[3233] This recruitment was significantly
higher in grafts with b-ECs than in those containing either ECFCs
or KITLG(KD)-b-ECs (Figure 6B,C). Inhibition of KITLG expres-
sion in b-ECs led to a significant reduction in the recruitment of
c-Kit+ HPCs, underscoring the critical role of KITLG in mediat-
ing this process (Figure 6C).

These results confirm a direct correlation between KITLG ex-
pression in b-ECs and the selective recruitment of ¢-Kit+/CD34+
HPCs, highlighting the importance of KITLG in mobilizing pro-
genitor cells to bone regenerative sites.

2.6. HPCs Mediate the Osteogenic Differentiation of bm-MSCs

To dissect the specific role of c-Kit+ HPCs in the osteogenic dif-
ferentiation of bm-MSCs, we developed an in vitro model using
Lin-/c-Kit+ HPCs isolated from human trabecular bone, along-
side b-ECs and bm-MSCs (Figure 7A). The colony-forming ca-
pacity of the isolated c-Kit+ HPCs, a hallmark of hematopoi-
etic progenitor potential, was validated through standard methyl-
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cellulose assays (Figure S7, Supporting Information). Specifi-
cally, we co-cultured bm-MSCs with or without b-ECs and c-Kit+
HPCs in a 3D collagen/fibrin hydrogel scaffold and then exam-
ined the expression of osteogenic markers by qPCR in bm-MSCs
sorted from the co-culture system. After seven days, we observed
a significant upregulation of osteogenic markers—SP7 (OSX),
RUNX2, OCN, and OPN—in bm-MSCs co-cultured with both b-
ECs and c-Kit+ HPCs (Figure 7B). In contrast, co-cultures lacking
either b-ECs or c-Kit+ HPCs did not induce the same level of os-
teogenic differentiation in bm-MSCs, underscoring the necessity
of both cell types in orchestrating osteogenesis.

Previous studies have established a link between Notch sig-
naling and osteogenesis.!'*3*7] Consistent with these findings,
inhibition of Notch signaling in our co-culture model, through
treatment with DAPT, significantly impaired the expression of
early osteogenic markers in bm-MSCs (Figure 7C). This result
confirms the critical role of Notch signaling in the osteogenic dif-
ferentiation of bm-MSCs, as promoted by both b-ECs and c-Kit+
HPCs. To validate the efficacy of DAPT treatment, we performed
a series of control experiments. Dose-response titration exper-
iments confirmed that 10 um DAPT was sufficient to achieve
robust suppression of canonical Notch target genes HEY1 and
HEY?2, as well as osteogenic markers SP7 (OSX) and RUNX2,
with no additional effect at higher concentrations (Figure S8A,B,
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Figure 5. KITLG expression in ECs mediates ossification. A) gRT-PCR validation showing effective knockdown of KITLG in b-ECs (KITLG(KD)) and
overexpression in ECFCs (KITLG(OE)) compared to unmodified controls (n = 3; **p < 0.01). B) ELISA quantification of secreted KITLG protein in con-
ditioned media, confirming that protein-level modulation mirrors the transcriptional changes observed in (A) (n = 3; ***p < 0.001). C-F) Subcutaneous
implantation of scaffolds with bm-MSCs and the indicated EC group into nu/nu mice. C) H&E staining of grafts at 4 weeks post-implantation. Blue
asterisks indicate areas of bone collagen deposition. Scale bar: 100 um. D) puCT images of grafts at 4 weeks showing the extent of mineralized tissue.
Scale bar: 1 mm. E) Quantification of bone volume fraction (BV/TV) at 4 weeks (n = 3; *p < 0.05, **P < 0.01). F) Compressive Young's modulus of
grafts at 4 weeks, reflecting the mechanical properties of the grafts in response to KITLG expression changes (n = 3; ***p < 0.007). All data are mean

+ s.e.m. n are biological replicates (A, B, E, F). Statistics are one-way ANOVA with Bonferroni’s post-test analysis (A, B, E, F).

Supporting Information). Western blot analyses further demon-
strated that DAPT treatment effectively reduced NOTCH1 pro-
tein levels in b-ECs, HPCs, and bm-MSCs (Figure S8C, Support-
ing Information). In addition, DAPT-treated bm-MSCs isolated
from 3D co-cultures exhibited decreased protein levels of the os-
teogenic marker osteopontin (OPN), corroborating impaired os-
teogenic differentiation at the protein level (Figure S8D, Support-
ing Information). These results confirm the specificity and effi-
cacy of Notch pathway inhibition under the experimental condi-
tions used.

To further explore the collaborative roles of b-ECs and c-Kit+
HPCs in osteogenesis, we devised a two-stage in vitro model.
Initially, c-Kit+ HPCs were co-cultured with b-ECs to simulate
the KITLG-dependent recruitment and activation phase (Stage
1, S1; Figure 7D). Subsequently, these activated c-Kit+ HPCs—

Adv. Sci. 2025, 14194 e14194 (8 of 16)

isolated as CD31- cells (denoted as *HPCs in Figure 7)—were
introduced to bm-MSCs within our established 3D hydrogel
matrix model (Stage 2, S2; Figure 7D). Analysis of osteogenic
markers in bm-MSCs isolated from S2 revealed that *HPCs
alone significantly enhanced the osteogenic differentiation of
bm-MSCs compared to their non-activated HPC counterparts
(Figure 7E). Furthermore, using this two-stage model, we con-
firmed that disruption of Notch signaling at either stage di-
minished the osteogenic potential of bm-MSCs (Figure 7F), un-
derscoring the central role of Notch signaling in both b-EC-
mediated HPC activation and the subsequent osteogenic in-
duction by activated *HPCs. Consistent with this dual role,
selective inhibition of Notch signaling during either Stage 1
or Stage 2 impaired canonical Notch target gene expression
in bm-MSCs, confirming that Notch signaling is essential at
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Figure 6. Enriched recruitment of c-Kit+/CD34+ cells to grafts containing b-ECs. Subcutaneous grafts containing bm-MSCs and ECFCs alone or in com-
bination with b-ECs, implanted into nu/nu mice. A) Immunohistochemical staining depicting c-Kit+ cell distribution at Week 1, with yellow arrowheads
indicating blood vessels and blue asterisks denoting bone matrix. Scale bar: 100 um. Inset shows a robust presence of c-Kit+ cells recruited around
blood vessels in a representative graft containing b-ECs. B) Representative immunofluorescence images showing c-Kitt (green) and CD34% (red) cell
recruitment at Week 1 across all experimental groups: ECFCs alone, ECFCs + b-ECs, and ECFCs + KITLG(KD)-b-ECs. Nuclei were counterstained with
DAPI (blue). Yellow arrowheads indicate c-Kit* /CD34* double-positive cells. Scale bar: 100 um. C) Quantification of c-Kit™ and CD34* cells at 1 week
(n = 10; ***P < 0.001). Data are mean =+ s.e.m. n are histological fields from independent biological replicates. Statistics are one-way ANOVA with

Bonferroni’s post-test analysis.

both steps of this osteoinductive cascade (Figure S9, Supporting
Information).

Together, these results highlight the role of b-ECs and c-Kit+
HPCs in driving bm-MSC osteogenesis, emphasizing the contri-
butions of KITLG and Notch signaling pathways in this process.
Specifically, our findings demonstrate that Notch signaling is re-
quired at two distinct stages: first, during the activation of HPCs
by b-ECs, and second, during the subsequent induction of os-
teogenic differentiation in bm-MSCs by the activated HPCs.

3. Discussion

In this study, we have revealed that b-ECs are endowed with
unique osteoinductive properties, distinguishing them from
other non-bone-derived human ECs. These properties enable b-
ECs to promote robust bone formation in vivo. Critically, our find-
ings reveal that this distinct osteoinductive potential is mediated
by the expression of KITLG in b-ECs. KITLG is instrumental in
directing the recruitment of c-Kit+/CD34+ HPCs to the osteovas-
cular niche, thereby initiating a sequence of events that leads to
robust osteogenic differentiation of bm-MSCs and, in turn, tissue
mineralization and bone formation (Figure 8). These findings not
only deepen our understanding of the intricate cellular interplay
of the vascular-bone interface but also open new therapeutic pos-
sibilities for employing b-ECs in bone regeneration and repair.
The organotypic specificity and paracrine role of ECs are
increasingly important areas of study in vascular biology.
Tissue-specific ECs establish specialized vascular niches, de-
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ploying growth factors known as angiocrine factors.’®*] Re-
search has shown that these angiocrine factors are active par-
ticipants in organ development, regeneration, homeostasis, and
metabolism.[**2! For example, ECs in the lungs, liver, and neu-
ral tissues release unique angiocrine factors that stimulate stem
cell renewal and expansion, aiding in tissue regeneration after
injury.[*=%] This specialization of ECs confers them with distinct
phenotypic, structural, functional, and secretory attributes, cre-
ating specialized vascular subpopulations with organotypic and
disease-specific signatures.

Our research contributes to this understanding by demonstrat-
ing that human b-ECs also exhibit distinct osteoinductive prop-
erties not found in ECs from other human tissues. This is me-
diated by the secretion of the angiocrine factor KITLG, which
orchestrates the differentiation of bm-MSCs into the osteogenic
lineage. This mechanism sheds light on how b-ECs can influ-
ence bone-specific stem cell differentiation. Furthermore, an im-
portant aspect of our investigation is the demonstration that hu-
man b-ECs maintain their osteoinductive properties even after
isolation and culture. This challenges the previously held belief
that tissue-specific endothelial signatures are dependent on the
in vivo microenvironment. Our findings suggest that b-ECs re-
tain a degree of their organotypic identity ex vivo, opening new
possibilities for using these cells in therapeutic applications for
bone repair.

The relationship between vasculature and osteogenesis, partic-
ularly the paracrine role of the endothelium, has been increas-
ingly recognized, though primarily in developmental contexts
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Figure 7. HPCs mediate osteogenic differentiation of bm-MSCs through b-EC interactions. A) Schematic of an in vitro model with bm-MSCs co-cultured
in a 3D hydrogel with b-ECs and HPCs for 7 days, followed by sorting for gPCR analysis. B) Osteogenic marker expression by qPCR in sorted bm-MSCs
under various culture conditions (n = 6; ***p < 0.001). C) Early osteogenic marker expression by qPCR in bm-MSCs co-cultured with b-ECs and HPCs
for 3 days, with and without Notch pathway inhibition by DAPT (n = 3; **p < 0.01, ***p < 0.001). D) Two-stage in vitro model schematic: Stage 1- HPC
activation with b-ECs for 3 days; Stage 2 — co-culture of activated HPCs (termed *HPCs) with bm-MSCs in a 3D hydrogel for 7 days before qPCR analysis.
E) Osteogenic marker expression by gPCR in bm-MSCs after co-culture with either naive or activated *HPCs (n = 3; *p < 0.05, **P < 0.01, ***p < 0.001).
F) Osteogenic marker expression by gPCR in bm-MSCs following co-culture with activated *HPCs, with or without DAPT treatment during Stages 1 (S1)
and 2 (S2) (n = 3; **p < 0.01, ***p < 0.001). All data are mean =+ s.e.m. n are biological replicates (B, C, E, F). Statistics are one-way ANOVA with
Bonferroni’s post-test analysis (B, C, E, F). Panels A and D were partially created with BioRender.com.
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Figure 8. Osteogenesis mediated by b-ECs through KITLG expression and HPC recruitment. Schematic illustrating the osteoinductive mechanism of
bone-derived b-ECs via KITLG signaling. b-ECs uniquely express KITLG, which recruits c-Kit+/CD34+ HPCs to the osteovascular niche, initiating a
cascade that culminates in the osteogenic differentiation of bm-MSCs and subsequent ossification. This process underscores the potential of b-ECs to
enhance bone regeneration and repair by establishing an osteoinductive microenvironment. This diagram was partially created with BioRender.com.

and murine models. Pioneering work by Ralf Adams and col-
leagues in mice has shown that bone endothelium-secreted fac-
tors critically regulate the osteogenic activity of osteoprogenitor
cells or bm-MSCs.[1*2] These studies highlighted a unique sub-
set of ECs in long bones, characterized by strong CD31 and En-
domucin (Emcn) staining, a feature distinct from the rest of the
bone vasculature. This led to the classification of bone microves-
sels into two types: the less common CD31"/Emcn" type H ves-
sels and the more prevalent CD31"°/Emcn® type L sinusoidal ves-
sels, each with distinct expression profiles and functional prop-
erties. Notably, type H endothelium was found to mediate the
osteogenic differentiation of bm-MSCs.

Our study extends these insights to the human context,
demonstrating that human b-ECs possess distinct osteoinductive
properties not found in other ECs. This observation is aligned
with the murine findings and suggests that such properties are
retained postnatally, not limited to developmental stages. Our b-
ECs, primarily arteriolar rather than sinusoidal, may parallel the
murine-type H vessels, though further studies are needed to es-
tablish their equivalence. This finding contributes to the expand-
ing understanding of EC diversity and their specific roles in bone
biology, indicating that human b-ECs could be integral to bone
regeneration strategies beyond the developmental context.

Our research also aligns with previous murine developmental
studies indicating the essential role of Notch signaling in the link
between ECs and osteogenesis.['*#®] These studies found that
Notch signaling, contrary to its known function in other organs
and tumors,[**®! promotes EC proliferation and vessel growth
in postnatal long bones. Disruption of Notch signaling in these
studies led to impaired bone vessel morphology, reduced osteo-
genesis, and decreased bone mass, highlighting the role of an-
giocrine signals like Noggin, which is regulated by Notch. Our
study complements these findings, as we observed that inhibi-
tion of Notch signaling impaired the osteogenic differentiation of
bm-MSCs influenced by human b-ECs. This parallel suggests the
potential significance of Notch signaling in human EC-mediated
bone regeneration, offering a promising avenue for future thera-
peutic interventions.

Adv. Sci. 2025, 14194 e14194 (11 of 16)

The expression of KITLG in b-ECs as an angiocrine fac-
tor mediating osteogenesis is a key discovery of our study.
Prior studies have confirmed the expression of KITLG in the
bone vasculature, underlining its crucial role in the bone mar-
row microenvironment.**-3! Furthermore, the identification of
a distinct subtype of bone marrow ECs in the epiphysis that
expresses KITLG suggests an important spatial heterogeneity
within the bone vasculature.>® Additionally, the presence of
KITLG and Notch ligands (DIl4, DII1) in bone vascular cells has
been established, highlighting the intricate interactions within
this environment.5!l These insights significantly contribute to
our understanding of the molecular characteristics and diversity
of bone vascular cells.

In our studies, the expression of KITLG in culture-expanded
b-ECs is consistent with previous findings in murine models,
where KITLG was predominantly expressed in bone arteriole
ECs, unlike in sinusoidal ECs.?®] However, in these earlier stud-
ies, KITLG’s primary recognition was its vital role in sustaining
hematopoietic niches, particularly through its binding to the c-
Kit receptor on hematopoietic stem cells (HSCs). This interaction
is essential for fostering an environment conducive to HSC sur-
vival, proliferation, and differentiation, particularly under stress
or during regeneration.?”-*] Additional studies indicated an as-
sociation between the deletion of membrane-bound KITLG and
disruptions in c-Kit signaling with alterations in bone mass and
turnover.’>>3] However, these studies did not delineate the os-
teogenic influence through the lens of b-EC-specific KITLG ex-
pression. Our research bridges this gap by demonstrating, via
loss-of-function and gain-of-function studies, that KITLG expres-
sion is both necessary and sufficient for endowing ECs with os-
teoinductive properties. This finding positions KITLG as a central
target in developing therapeutic strategies for stimulating osteo-
genesis and enhancing bone regeneration.

Our investigations into the mechanisms by which KITLG
expression in b-ECs contributes to osteogenesis have revealed
a crucial involvement of bone marrow-derived c-Kit+/CD34+
HPCs. We established b-ECs as the central orchestrator in this
process, with KITLG directing the recruitment of HPCs to the
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osteovascular niche, thereby initiating a cascade leading to the
osteogenic differentiation of bm-MSCs and subsequent bone for-
mation. Our study aligns with prior research highlighting c-
Kit+/CD34+ HPCs’ involvement in osteogenesis. For instance,
these progenitor cells have been shown to be mobilized for
bone healing after fractures,**! and to reverse osteoporosis
by influencing osteoblastic and osteoclastic functions in mouse
models.’*] Our research advances this understanding by demon-
strating that b-ECs, through KITLG expression, not only recruit
but also activate HPCs. These activated HPCs* are self-sufficient
in initiating the osteogenic differentiation of bm-MSCs. Hence,
our data indicates an indirect mediation of osteogenesis by b-
ECs through the sequential recruitment and activation of c-Kit+
HPCs, processes regulated by Notch signaling.

Our study establishes a mechanistic framework by which b-
ECs mediate osteogenesis: KITLG expression by b-ECs recruits
c-Kit+ HPCs, activates them, and primes a Notch-dependent sig-
naling cascade that culminates in bm-MSC osteogenic differen-
tiation. Using a two-stage in vitro model, we showed that Notch
signaling is required both during HPC activation by b-ECs and
during the subsequent HPC-bm-MSC interaction, with inhibi-
tion at either stage impairing osteogenic outcomes. These find-
ings define Notch as a central mediator linking vascular recruit-
ment signals to osteogenic differentiation, providing new insight
into how vascular niches regulate bone formation.

It is important to note that most previous studies have sug-
gested that CD34+ HPCs may contribute to bone regeneration
through either direct differentiation into osteoblasts or through
paracrine actions, such as VEGF secretion aiding vascularization
and indirectly supporting osteogenesis.l’’] However, our study
adds a novel aspect to these possible mechanisms by demon-
strating a direct interaction between bm-MSCs and HPCs. This
insight further contributes to the recognized therapeutic poten-
tial of HPCs, corroborated in the context of bone regeneration by
large animal model studies [*¥] and later pursued in early-phase
clinical trials.!

Acknowledging the limitations of our study is important for
contextualizing its findings. One limitation is the use of a cra-
nial orthotopic model, which involves low-weight-bearing bone
and may not fully represent the regenerative demands of higher-
stress bones. While this model is not intended to evaluate weight-
bearing bone regeneration, it is well-established for assessing the
regenerative potential of cells in non-load-bearing bones, such
as the calvarium. This makes it a valuable platform for demon-
strating the unique advantages of b-ECs in bone regeneration.
However, the effectiveness of b-ECs in inducing bone regener-
ation in mechanically demanding environments remains to be
explored.

Another consideration is the age of the donors from whom
the b-ECs were isolated. Our study utilized cells from juvenile-
adolescent donors, leaving the potential of b-ECs from adult and
diseased donors unexplored. This raises the question of whether
the osteoinductive properties of b-ECs vary with age or under
pathological conditions. Additionally, the extent to which b-ECs
retain their osteoinductive properties ex vivo is not fully under-
stood. In our study, b-ECs were cultured for a limited number of
passages to preserve their in vivo phenotype, but prolonged cul-
ture could potentially alter their regenerative capabilities, which
warrants further investigation.
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Lastly, the use of xenograft models with immunodeficient mice
is another limitation of our study. While these models were es-
sential for studying the regenerative potential of human cells
without the complication of immune rejection, they do not fully
replicate the environment of an immunocompetent organism.
Future studies should explore the potential of b-ECs in bone re-
generation within immunocompetent syngeneic animal models
or murine humanized models to provide a more comprehensive
understanding of these processes in a fully functional immune
environment.

Despite these limitations, our study presents promising op-
portunities for clinical translation. First, our findings suggest
the feasibility of isolating b-ECs from trabecular bone samples,
which are commonly obtained during bone autografts. These
b-ECs, with their retained osteoinductive capabilities, could be
combined with bm-MSCs in future therapies for effective bone
regeneration. This approach offers a direct path for clinical appli-
cation, utilizing routine surgical procedures to source b-ECs for
therapeutic use.

Second, the use of osteoinductive b-ECs could complement
existing efforts in bone tissue engineering, which have demon-
strated efficacy through the use of pro-angiogenic and pro-
osteogenic growth factors, with or without cells, in various types
of scaffolds.[60-%6] A key translational advantage of using b-ECs is
their ability to induce bm-MSC differentiation without the need
for exogenous osteoinductive factors, such as BMP-2 or parathy-
roid hormones, which have been associated with undesirable
effects, including heterotopic bone formation, raising concerns
about their clinical applicability.[1*]

Lastly, our study underscores the importance of EC specificity
in bone regeneration. While obtaining b-ECs from patients might
introduce morbidity and logistical challenges for clinical trans-
lation, our research suggests an intriguing alternative by induc-
ing KITLG expression in more readily accessible ECs. This ap-
proach could involve using circulating endothelial progenitors,
such as ECFCs, or endothelial cells derived from induced pluripo-
tent stem cells (iPSCs), both of which offer less invasive and more
translational options. The clinical potential of these strategies,
particularly through activating KITLG expression, warrants fur-
ther investigation in the context of bone regeneration therapies.

4. Experimental Section

Cell Isolation and Culture: De-identified human iliac crest trabecular
bone samples were obtained from discarded surgical material under an
Institutional Review Board (IRB)-approved protocol at Boston Children’s
Hospital (Protocol Number: NS09-07-0377). As these samples were ex-
cess clinical material, no patient consent was required. Human bone en-
dothelial cells (b-ECs) were isolated by enzymatic digestion using Dispase
(2.5 u mL™1), Collagenase Il and A (0.25 mg mL™" each), Calcium Chlo-
ride Dihydrate (126 um), and Magnesium Sulfate Heptahydrate (80 pm)
in DMEM media. CD3 1+ cells were then selected using Dynabeads (Invit-
rogen). The b-ECs were cultured on 1% gelatin-coated plates in endothe-
lial cell medium (PromoCell) supplemented with TGFg inhibitor (10 pm;
SB431542, Selleckchem).

Human hematopoietic progenitor cells (HPCs) were isolated from
the same bone samples via similar enzymatic digestion and magnetic-
activated cell sorting (MACS) of Lin-, CD34+ cells (Miltenyi Biotec). HPCs
were cultured in suspension plates using StemMACS HSC Expansion Me-
dia XF and StemMACS HSC Expansion Cocktail (Miltenyi Biotec).
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Human endothelial colony-forming cells (ECFCs) from umbilical cord
blood and human white adipose tissue endothelial cells (wat-ECs) from
subcutaneous WAT samples were isolated in accordance with Institutional
Review Board-approved protocols as previously described.l®’] ECFCs and
wat-ECs were purified using CD31-coated magnetic beads (Dynabeads,
Thermo Fisher) and cultured in endothelial cell medium on 1% gelatin-
coated plates.

Human bone marrow-derived mesenchymal stem cells (bm-MSCs)
were isolated and cultured as previously described,['®! using MSC-
medium consisting of MSCGM (Lonza), 10% fetal bovine serum, and 1x
glutamine—penicillin—streptomycin on uncoated plates.

Cell Seeding in Biphasic Scaffolds for Implantation: Cells were cen-
trifuged to form a pellet and resuspended in ice-cold, phenol red-free Ma-
trigel (BD Bioscience) at 4 °C. For seeding combinations of bm-MSCs and
ECFCs, the ratio was 2:3 ECFCs to bm-MSCs, using a total of 2 x 106
cells per construct. When combining bm-MSCs with ECFCs and b-ECs,
ECFCs and b-ECs were mixed in a 1:1 ratio. Constructs with only bm-MSCs
utilized 1.2 x 10° cells. The cell-Matrigel mixtures, totaling 50 uL each,
were applied to the biphasic scaffold consisting of a chondroitin sulfate
(CS)-cryogel containing whitlockite nanoparticles, synthesized as previ-
ously described.[?"] The scaffolds were fabricated using a cylindrical mold
(4 mm in diameter and 1 mm in height) to ensure uniformity. Gelation
was completed by a 10-min incubation at 37 °C, preparing the scaffolds
for subcutaneous implantation.

Ectopic Subcutaneous Implantation of Scaffolds: ~ All animal procedures
were performed following protocols approved by the Institutional Animal
Care and Use Committee (IACUC) at Boston Children’s Hospital (Protocol
Number: 00002065). Athymic nude (nu/nu) mice, aged 5 to 6 weeks, were
obtained from Envigo RMS, Inc. Mice were housed in compliance with
Boston Children’s Hospital guidelines. Scaffolds seeded either with bm-
MSCs alone or in combination with ECs were implanted subcutaneously
for up to 8 weeks. Each time point involved a minimum of three mice
to ensure independent replication of experiments. Surgical implantation
involved minimal skin incisions in the subcutaneous space on the backs
of the mice, performed under aseptic conditions and anesthesia.

Orthotopic Calvarial Implantation of Scaffolds: ~ Critical-sized calvarial
bone defects were surgically generated on adults (8 weeks old) nude
mice.l?*l A midline incision was made on the scalp to expose the right
parietal bone, followed by blunt scraping to remove the pericranium.
Subsequently, a unilateral 4-mm full-thickness defect was created in the
right non-suture associated parietal bone using a sterile diamond-coated
trephine drill bit. Grafts containing bm-MSCs with either ECFCs or a com-
bination of ECFCs and b-ECs were then implanted into the calvarial de-
fects. These grafts were maintained for a period ranging from 1to 8 weeks,
after which a terminal procedure was conducted to harvest the grafts for
further analysis.

Mechanical Properties Assessment: Scaffolds were explanted at desig-
nated intervals (Weeks 1, 4, 6, and 8) for mechanical characterization.
Their stress-strain profiles were determined using a universal mechanical
testing apparatus (EZ-Test, Shimadzu) with a 10 kN load cell. The com-
pressive modulus (Young’s modulus) was calculated from the linear por-
tion of these stress-strain curves.

Nanoindentation Analysis:  The elastic modulus and contact hardness
of the scaffolds were evaluated using nanoindentation, as previously
described.[?"] Scaffolds underwent fixation in 4% paraformaldehyde for a
day, followed by embedding in Ortho-Jet acrylic resin. The embedded sam-
ples were sectioned into 2 mm slices with an Isomet low-speed diamond
saw. The slices were polished using silicon carbide paper and aluminum
oxide paste, then attached to a stainless-steel holder on a Nano-XP nanoin-
denter (MTS). Indentations, up to 500 nm depth with loading and unload-
ing rates of 10 nm s™', were made. Force-displacement curves from these
indentations provided data for calculating contact hardness and elastic
modulus, ensuring a 30 um separation between indentations to avoid in-
fluence from adjacent points.

Micro-Computed Tomography Analysis:  Micro-computed tomography
(uCT) was used for quantifying bone formation within scaffolds as pre-
viously described.?'l The scans were performed using a SkyScan 1272
(Bruker) at settings of 59 kV and 167 pA with a 40 ms exposure time with-
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out a filter. X-ray projections were collected at 0.6° intervals over a 360°
rotation. An automated threshold algorithm segmented the datasets. The
projected images were reconstructed into 3D images using NRecon Micro-
CT software provided by Bruker.

Overexpression and Silencing of KITLG: To overexpress KITLG in ECs,
gateway cloning was performed for the insertion of KITLG gateway entry
clone (GC-OG01008, GeneCopoeia) into the pLEX_305 vector (Plasmid
#41 390, Addgene), followed by generating lentiviral particles using 293T
cells and the infection of ECs. Puromycin selection was performed to gen-
erate the stable cell line expressing the pLEX305-KITLG plasmid, as vali-
dated by qPCR and ELISA in conditioned media.

The silencing of KITLG in ECs was achieved utilizing the KITLG shRNA
lentiviral particles (Santa Cruz Biotechnology) according to the manufac-
turer’s instructions. Briefly, KITLG shRNA lentiviral particles were mixed
with Polybrene (Santa Cruz Biotechnology) at 10 ug mL™" in the media
that was added to ECs seeded on the previous day to achieve a 50% con-
fluency. The media containing the lentiviral particles and Polybrene was
removed the next day and replaced by fresh growth media. Puromycin se-
lection was performed to generate the stable cell line with KITLG silencing,
as validated by qPCR and ELISA in conditioned media.

In Vitro Osteogenesis Model:  To model osteogenesis in vitro, bm-MSCs
(2.5 x 10* cells) were cultured either alone or in combination with b-ECs
(2.5 x 10%) and/or c-kit+ HPCs (1.5 x 10%) within a 3D collagen/fibrin
hydrogel scaffold (100 uL) for 7 days. This hydrogel was formulated using
1.5 mg mL™" cultrex bovine collagen | (R&D Systems), 30 ug mL~" human
fibronectin (Millipore Sigma), 10% v/v FBS, 25 mm HEPES, 3 mg mL~" fib-
rinogen (Sigma-Aldrich), 3% H20, and 10% Medium 199 with Earle’s salts
(10X, ThermoFisher Scientific). For bm-MSCisolation at the end of the cul-
ture period, the 3D gel was enzymatically digested (2.5 u mL™" dispase,
0.25 mg mL™ collagenase II,0.25 mg mL~" collagenase A, 126 um calcium
chloride dihydrate, 80 um magnesium sulfate heptahydrate in DMEM me-
dia). bm-MSCs were then separated using a PE anti-human CD90 antibody
(BioLegend) and magnetic-activated cell sorting with anti-PE microbeads
(Miltenyi Biotec).

For experiments involving Notch signaling inhibition, DAPT (N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; Sigma-Aldrich)
was added to the culture medium at a final concentration of 10 um. This
dose was selected based on dose—response titration experiments, which
demonstrated that 10 um DAPT was sufficient to achieve robust suppres-
sion of canonical Notch target genes (HEY1, HEY2) (Figure S8A,B, Sup-
porting Information). In the two-stage in vitro model, DAPT was applied
either during the initial co-culture of b-ECs and HPCs (Stage 1) or during
the subsequent co-culture of activated *HPCs with bm-MSCs (Stage 2),
depending on the experimental design.

For the two-stage in vitro osteogenesis model, the HPC activation stage
(Stage 1) was achieved by co-culture of c-Kit+ HPCs with b-ECs for 3 days.
For Stage 2, the activated c-Kit+ HPCs (*HPCs) were isolated as CD31-
cells using Dynabeads (Invitrogen) and then introduced to bm-MSCs
within the established 3D hydrogel matrix model as described above. After
7 days of osteogenic induction, bm-MSCs were isolated for subsequent
gPCR analysis using a PE anti-human CD90 antibody (BioLegend) and
magnetic-activated cell sorting with anti-PE microbeads (Miltenyi Biotec).

Quantitative Real-Time PCR: Unless otherwise specified, total RNA
was extracted from cells using an RNeasy mini kit (Qiagen). For the in
vitro osteogenesis 3D gel modeling system, total RNA was extracted us-
ing the Power SYBR Green Cells-to-CT kit (Invitrogen). RNA concentra-
tion was quantified using a Nanodrop (Thermo Fisher), and RNA purity
was assessed by measuring the absorbance ratio at 260 and 280 nm. Sub-
sequently, cDNA synthesis was carried out using either the high-capacity
cDNA reverse transcription kit (Thermo Fisher) or the Power SYBR™
Green Cells-to-CT kit. Quantitative real-time PCR assays were performed
using SYBR Green MasterMix (Thermo Fisher) or Power SYBR Green Mas-
terMix (Invitrogen), with GAPDH as the reference gene. Primer sequences
utilized for real-time PCR are available in Table S1 (Supporting Informa-
tion).

Histological Analysis: Explant scaffolds were fixed overnight in 10%
buffered formalin, embedded in paraffin, and sectioned into 7 um-thick
slices. Deparaffinized and hydrated slides were stained with H&E to
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visualize microvessels. Microvessel density was quantified as erythrocyte-
filled vessels mm~2. Movat pentachrome-stained sections were employed
to detect collagen (yellow), glycosaminoglycans (green), muscle (red),
mucin (blue), and fibrin (bright red), assessing collagen deposition and
chondroitin sulfate (CS) degradation within scaffolds. For von Kossa stain-
ing, slides were incubated in a 5% silver nitrate solution for 60 min with UV
light exposure, followed by a 2 min incubation in a 5% sodium thiosulfate
solution. Von Kossa-stained sections were used to quantify tissue mineral-
ization as a percentage of the section area mineralized using image color
summarizer (v0.76, Martin Krzywinski).

Immunostaining Analysis:  For immunohistochemical staining, sec-
tions underwent deparaffinization, followed by antigen retrieval using a
tris—EDTA buffer (pH 9.0) containing 10 mm Tris-Base, 2 mm EDTA,
and 0.05% Tween-20. Sections were blocked for 30 min with 5% block-
ing serum and then incubated overnight at 4 °C with primary anti-
bodies. The list of primary and secondary antibodies can be found in
Table S2 (Supporting Information). Human ECs were visualized using an
anti-human-specific CD31 antibody (Agilent), a horseradish peroxidase-
conjugated mouse secondary antibody (1:200, Vector Laboratories), and
3,3’-diaminobenzidine. Hematoxylin was used for counterstaining, and
sections were mounted with Permount (Thermo Fisher). Immunofluo-
rescent staining utilized secondary antibodies labeled with either Texas
Red or FITC, followed by DAPI counterstaining. In select experiments,
rhodamine-conjugated Ulex europaeus agglutinin | (UEA-1) lectin (1:200,
Vector Laboratories) was employed for additional fluorescent staining.

Enzyme-Linked Immunosorbent Assay (ELISA): The ELISA for human
KITLG followed the manufacturer’s instructions for the Human SCF Quan-
tikine ELISA Kit (R&D, DCKO00). Briefly, conditioned media was collected
after 72 hours of cell culture, centrifuged at 290 g, and the supernatant was
collected. In the ELISA microplate, 100 pL of Assay Diluent was added to
each well, followed by 100 pL of Standard, control, or sample. The plate
was covered with a sealer and incubated at room temperature for 2 h. Af-
terward, each well underwent three washes. Two hundred microliters of
Conjugate were added to each well, covered with a new sealer, and incu-
bated for 2 h at room temperature. The wells were washed three times be-
fore the addition of 200 uL Substrate Solution to each well. The microplate
was then incubated at room temperature while protected from light. After
a 20-min incubation, 50 uL of Stop Solution was added to each well, and
the results were read at 450 nm within 30 min.

Flow Cytometry: Single-cell suspensions were prepared and resus-
pended in phosphate-buffered saline (PBS) with 2% fetal bovine serum
(FBS). To block nonspecific antibody binding, cells were incubated with
20 ug mL~" rat 1gG (Sigma-Aldrich) for 15 min. Subsequently, cells were
incubated with either pre-conjugated or primary antibodies (Table S2, Sup-
porting Information) for 30 min on ice. When secondary antibodies were
required, cells were washed with PBS with 2% FBS before incubation with
secondary antibodies at 4 °C for 20 min. Stained cells underwent a final
wash with PBS with 2% FBS before analysis using a BD Accuri C6 Plus
Flow Cytometer System (BD Biosciences). Flow)o software (TreeStar) was
employed to analyze the data and generate flow cytometry plots.

To assess blood-forming ability, ECs and bm-MSCs (EC:MSC ra-
tio = 2:3; a total of 2 x 10° cells per implant) were suspended in 200 uL
of ice-cold phenol red-free Matrigel (BD Bioscience) and injected subcu-
taneously into the flank of athymic nude mice using a 26-gauge needle, as
previously described. Implants were harvested after 1 week for histological
evaluation.

Hematopoietic Colony Forming Unit Assay: The colony-forming unit
(CFU) assay involved plating human bone marrow-derived HPCs (bm-
HPCs) in methylcellulose and culturing them with methylcellulose com-
plete media following the manufacturer’s instructions (R&D Systems).
Human cord blood-derived HPCs were used as a control. After 14 days,
the number of colonies produced by different CFU subtypes was counted
using an inverted microscope. Colonies were identified based on cell mor-
phology, and for erythroid and mixed colonies, the presence of red cells
expressing hemoglobin. Colonies were categorized as erythroid (BFU-E,
CFU-E with BM), myeloid (CFU-G/M/GM), and mixed (CFU-GEMM).

Tube Formation Assay: To assess the angiogenic ability of endothelial
cells (ECs), a tube formation assay was performed. Briefly, 100 uL Matrigel
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(BD Bioscience) was added to each well of a 48-well plate and allowed to
gelation at 37 °C for 30 min. ECs were then seeded onto the solidified
Matrigel at a density of 10 000 cells cm~2 and incubated under standard
culture conditions to allow network formation for 12 h. Phase-contrast mi-
croscopy was used to capture images of the formed tubular structures.
Quantitative analysis of the vascular network was conducted using the An-
gioTool 2.0 plugin in Image].

Bulk RNA Sequencing:  For RNA-Seq analysis, total RNA from cultured-
expanded b-ECs, wat-ECs, and ECFCs was extracted using the RNeasy
Mini Kit (Qiagen). Library construction and sequencing were performed
at the Integrated Genomics Operation (IGO) core at Massachusetts Gen-
eral Hospital (MGH). Sequencing utilized an Illumina HiSeq2500 platform
with a 2 x 150 paired-end configuration. Quality checks of FASTQ files
and reads alignment to the UCSC hg38 genome were done using FastQC,
Qualimap, and STAR, respectively. Transcript expression was quantified
against the Ensembl GRCh38 transcriptome using Salmon. DESeq2 was
employed for differential gene expression analysis, with significant genes
identified based on an adjusted p-value < 0.05. Principal component anal-
ysis (PCA) utilized DESeq2’s “plotPCA” function of top differentially ex-
pressed genes. Gene ontology analysis of growth factor activity-related
genes (GO:0 0 08083; 162 genes) was conducted using GeneSCF. Counts
per million (CPM) data of b-ECs, wat-ECs, and ECFCs RNA-seq results are
available in Dataset S1 (Supporting Information).

Western Blot Analysis:  Whole-cell lysates were extracted using RIPA
buffer (Millipore Sigma, R278). Protein concentrations were determined
via the bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, 23 227).
Equivalent protein amounts from each sample were separated on 4-
12% Novex Tris-Glycine gels (Thermo Fisher Scientific) and transferred
to polyvinylidene fluoride (PVDF) membranes (Bio-Rad) using the Novex
Mini-Cell XCell SureLock system (Invitrogen). Membranes were blocked
for 1 h at room temperature in TBST containing 5% non-fat milk, then in-
cubated overnight at 4 °C with primary antibodies, respectively, as listed
in Table S2 (Supporting Information). After washing, membranes were in-
cubated with HRP-conjugated secondary antibodies. Protein signals were
detected using an enhanced chemiluminescence (ECL) substrate (Kindle
Biosciences, Western Blot Detection Kit, R1004).

Microscopy Imaging: Imaging was conducted using an Axio Observer
Z1inverted microscope (Carl Zeiss), with image processing via AxioVision
Rel. 4.8 software. Fluorescent images were captured using a 20x objective
lens. Non-fluorescent images were obtained with an AxioCam MRc5 cam-
era, employing 5x and 20x objective lenses.

Statistics and Reproducibility: ~ All experiments were independently re-
peated at least three times with similar results. Specifically, all micro-
graphs presented in the figures were representative of experiments con-
ducted on three or more independent occasions. Except where specifically
mentioned, data were presented as means + standard error of the mean
(s.e.m.). When comparing two groups, mean values were compared using
unpaired two-tailed Student’s t-tests. Multiple group comparisons were
conducted through analysis of variance (one-way ANOVA) followed by
Bonferroni correction. No exclusion criteria were applied to any of the anal-
yses. All statistical calculations were performed using GraphPad Prism
v.9 software (GraphPad Software Inc.). Statistical significance was set at
p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors thank Dr. Jeremy Goss and Mohammed Alomari (Department
of Plastic and Oral Surgery, Boston Children’s Hospital) for facilitating the
acquisition of discarded human trabecular bone tissue. This work was sup-
ported by grants from the National Institutes of Health (ROTAR069038,
ROTAR080086, and ROTHL128452 to J.M.M.-M.) and the Ministry of Sci-
ence and ICT of Korea (NRF-2021R1A2C2008821 to N.S.H.)

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

X.L. and H.D.K. contributed equally to this work. X.L., H.D.K., R.Z.L., and
J.M.M. conceived and designed the project. X.L., H.D.K., A.C.L,, L.G,,

YZ,

C.N.L, X.H,, CS, MA, Y.HA, MJ.P, D.GK, B.LP, and RZ.L.

performed the experimental work. N.S.W. and ].M.M. acquired funding.
A.K.G., N.S.H., and J.M.M. supervised the project. X.L. and ].M.M. wrote
the original draft. X.L., H.D.K., A.C.L,, L.G,, Y.Z,, C.N.L, X.H., C.S., M.A,
Y.H.A, M.J.P, D.G.K,, AK.G., B.L.P, N.S\W,, RZ.L., and J.M.M. reviewed
and edited the manuscript.

Data Availability Statement

Source data are provided with this article (Dataset S1, Supporting Infor-
mation).

Keywords

angiocrine factors, bone regeneration, endothelial cells, osteogenic differ-
entiation, vascular niche

Received: November 2, 2024
Revised: June 9, 2025
Published online:

(1

(2]
(3]

(4]
3]

(6]
(7]

(8]

9]

(1]

(1

(12]

(13]

(14]
[15]

Adv. Sci. 2025, 14194

W. G. D. Long, T. A. Einhorn, K. Koval, M. McKee, W. Smith, R.
Sanders, T. Watson, J. Bone Jt. Surg. 2007, 89, 649.

R. M. Kline, S. A. Wolfe, Plast. Reconstr. Surg. 1995, 95, 5.

S.W.S. Laurie, L. B. Kaban, J. B. Mulliken, ). E. Murray, Plast. Reconstr.
Surg. 1984, 73, 933.

A. K. Greene, ]. B. Mulliken, M. R. Proctor, G. F. Rogers, Plast. Recon-
str. Surg. 2008, 122, 563.

W. J. Koenig, J. M. Donovan, J. M. Pensler, Plast. Reconstr. Surg. 1995,
95, 1.

A. Stahl, Y. P. Yang, Tissue Eng. Part B: Rev. 2021, 27, 539.

P. Bianco, X. Cao, P. S. Frenette, |. ]. Mao, P. G. Robey, P. |. Simmons,
C.-Y. Wang, Nat. Med. 2013, 19, 35.

C. Nombela-Arrieta, |. Ritz, L. E. Silberstein, Nat. Rev. Mol. Cell Bio
2011, 12, 126.

M. Crisan, S. Yap, L. Casteilla, C.-W. Chen, M. Corselli, T. S. Park, G.
Andriolo, B. Sun, B. Zheng, L. Zhang, C. Norotte, P.-N. Teng, ). Traas,
R. Schugar, B. M. Deasy, S. Badylak, H.-]. Biihring, J.-P. Giacobino, L.
Lazzari, ). Huard, B. Péault, Cell Stem Cell 2008, 3, 301.

A. Greenbaum, Y.-M. S. Hsu, R. B. Day, L. G. Schuettpelz, M. |.
Christopher, J. N. Borgerding, T. Nagasawa, D. C. Link, Nature 2013,
495, 227.

Y. Kunisaki, I. Bruns, C. Scheiermann, . Ahmed, S. Pinho, D. Zhang,
T. Mizoguchi, Q. Wei, D. Lucas, K. Ito, . C. Mar, A. Bergman, P. S.
Frenette, Nature 2013, 502, 637.

B. Sacchetti, A. Funari, S. Michienzi, S. D. Cesare, S. Piersanti, I.
Saggio, E. Tagliafico, S. Ferrari, P. G. Robey, M. Riminucci, P. Bianco,
Cell 2007, 131, 324.

R.-Z. Lin, R. Moreno-Luna, D. Li, S.-C. Jaminet, A. K. Greene, |. M.
Melero-Martin, Proc. Natl. Acad. Sci. USA 2014, 111, 10137.

L. Cao, J. Wang, ). Hou, W. Xing, C. Liu, Biomaterials 2014, 35, 684.
D. H.R. Kempen, L. Lu, T. E. Hefferan, L. B. Creemers, A. Maran, K. L.
Classic, W. ). A. Dhert, M. ). Yaszemski, Biomaterials 2008, 29, 3245.

€14194 (15 of 16)

(6]
(17]
(18]
(19]
(20]
(21]
(22]

(23]

(24]

(25]
(26]

(27)
(28]
(29]
(30]
(31]
(32]
(33]
(34]
35]
36]
(37]

(38]
(39]

(40]
(47]

(42]

(43]

(44]

[45]

46]

www.advancedscience.com

G. S. Krishnakumar, A. Roffi, D. Reale, E. Kon, G. Filardo, Int. Orthop.
2017, 41, 1073.

A. W. James, G. LaChaud, ). Shen, G. Asatrian, V. Nguyen, X. Zhang,
K. Ting, C. Soo, Tissue Eng. Part B Rev. 2016, 22, 284.

A. C. Carreira, F. H. Lojudice, E. Halcsik, R. D. Navarro, M. C. Sogayar,
J. M. Granjeiro, J. Dent. Res. 2013, 93, 335.

S. K. Ramasamy, A. P. Kusumbe, L. Wang, R. H. Adams, Nature 2014,
507, 376.

A. P. Kusumbe, S. K. Ramasamy, R. H. Adams, Nature 2014, 507, 323.
H. D. Kim, X. Hong, Y. An, M. J. Park, D. Kim, A. K. Greene, B. L.
Padwa, N. S. Hwang, R. Lin, . M. Melero-Martin, Adv. Healthcare
Mater. 2021, 10, 2100070.

H. D. Kim, H. L. Jang, H.-Y. Ahn, H. K. Lee, |. Park, E. Lee, E. A. Lee,
Y.-H. Jeong, D.-G. Kim, K. T. Nam, N. S. Hwang, Biomaterials 2017,
112, 31.

H.D.Kim, E. A. Lee, Y.-H. An, S. L. Kim, S. S. Lee, S. J. Yu, H. L. Jang,
K. T. Nam, S. G. Im, N. S. Hwang, ACS Appl. Mater. Interfaces 2017,
9,21639.

D. M. Gupta, M. D. Kwan, B. J. Slater, D. C. Wan, M. T. Longaker, J.
Craniofacial Surg. 2008, 19, 192.

S. Werner, C. Alzheimer, Cytokine Growth Factor Rev. 2006, 17, 157.
M. Namwanje, C. W. Brown, Cold Spring Harb. Perspect. Biol. 2016, 8,
a021881.

C. N. Inra, B. O. Zhou, M. Acar, M. M. Murphy, ). Richardson, Z.
Zhao, S. ). Morrison, Nature 2015, 527, 466.

C. Xu, X. Gao, Q. Wei, F. Nakahara, S. E. Zimmerman, ). Mar, P. S.
Frenette, Nat. Commun. 2018, 9, 2449.

L. Ding, T. L. Saunders, G. Enikolopov, S. J. Morrison, Nature 2012,
481, 457.

S.J. Morrison, D. T. Scadden, Nature 2014, 505, 327.

L. Rénnstrand, Cell Mol. Life Sci. 2004, 61, 2535.

R. Mé&hle, R. Haas, W. Hunstein, J. Hematother. 1993, 2, 483.

M. Ogawa, Y. Matsuzaki, S. Nishikawa, S. Hayashi, T. Kunisada, T.
Sudo, T. Kina, H. Nakauchi, S. Nishikawa, J. Exp. Med. 1991, 174, 63.
Z. Luo, X. Shang, H. Zhang, G. Wang, P. A. Massey, S. R. Barton, C.
G. Kevil, Y. Dong, Am. J. Pathol. 2019, 189, 1495.

Y. Muguruma, K. Hozumi, H. Warita, T. Yahata, T. Uno, M. Ito, K.
Ando, J. Cell. Physiol. 2017, 232, 2569.

Y. Wagley, A. Chesi, P. K. Acevedo, S. Lu, A. D. Wells, M. E. Johnson,
S. F. A. Grant, K. D. Hankenson, Stem Cells 2020, 38, 1332.

Y. Xu, B. Shu, Y. Tian, M. Chelly, M. M. Morandi, S. Barton, X. Shang,
Y. Dong, J. Cell. Physiol. 2018, 233, 6921.

S. Rafii, J. M. Butler, B.-S. Ding, Nature 2016, 529, 316.

D. J. Nolan, M. Ginsberg, E. Israely, B. Palikugi, M. G. Poulos, D.
James, B.-S. Ding, W. Schachterle, Y. Liu, Z. Rosenwaks, |. M. Butler,
J. Xiang, A. Rafii, K. Shido, S. Y. Rabbany, O. Elemento, S. Rafii, Dev.
Cell 2013, 26, 204.

O. Cleaver, D. A. Melton, Nat. Med. 2003, 9, 661.

J. Cool, T. J. DeFalco, B. Capel, Proc. Natl. Acad. Sci. USA 2011, 108,
167.

K. Matsumoto, H. Yoshitomi, |. Rossant, K. S. Zaret, Science 2001,
294, 559.

B.-S. Ding, D. ). Nolan, P. Guo, A. O. Babazadeh, Z. Cao, Z.
Rosenwaks, R. G. Crystal, M. Simons, T. N. Sato, S. Worgall, K. Shido,
S. Y. Rabbany, S. Rafii, Cell 2011, 147, 539.

J. Hu, K. Srivastava, M. Wieland, A. Runge, C. Mogler, E. Besemfelder,
D. Terhardt, M. J. Vogel, L. Cao, C. Korn, S. Bartels, M. Thomas, H.
G. Augustin, Science 2014, 343, 416.

Q. Shen, S. K. Goderie, L. Jin, N. Karanth, Y. Sun, N. Abramova, P.
Vincent, K. Pumiglia, S. Temple, Science 2004, 304, 1338.

C. Xu, V. V. Dinh, K. Kruse, H.-W. Jeong, E. C. Watson, S. Adams, F.
Berkenfeld, M. Stehling, S. J. Rasouli, R. Fan, R. Chen, I. Bedzhoyv,
Q. Chen, K. Kato, M. E. Pitulescu, R. H. Adams, Elife 2022, 11,
60183.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[47]

48]

[49]

(5]

(51

[52]
[53]

[54]

[55]

[56]

Adv. Sci. 2025, e14194

R. Benedito, C. Roca, |. Sérensen, S. Adams, A. Gossler, M. Fruttiger,
R. H. Adams, Cell 2009, 137, 1124.

I. Noguera-Troise, C. Daly, N. |. Papadopoulos, S. Coetzee, P. Boland,
N. W. Gale, H. C. Lin, G. D. Yancopoulos, G. Thurston, Nature 2006,
444, 1032.

Z.Zheng, H. He, X. T. Tang, H. Zhang, F. Gou, H. Yang, ]. Cao, S. Shi,
Z.Yang, G. Sun, X. Xie, Y. Zeng, A. Wen, Y. Lan, J. Zhou, B. Liu, B. O.
Zhou, T. Cheng, H. Cheng, Cell Stem Cell 2022, 29, 1562.

T. Iga, H. Kobayashi, D. Kusumoto, T. Sanosaka, N. Fujita, I. Tai-
Nagara, T. Ando, T. Takahashi, K. Matsuo, K. Hozumi, K. Ito, M. Ema,
T. Miyamoto, M. Matsumoto, M. Nakamura, H. Okano, S. Shibata,
J. Kohyama, K. K. Kim, K. Takubo, Y. Kubota, Nat. Cell Biol. 2023, 25,
1415.

A.N.Tikhonova, I. Dolgalev, H. Hu, K. K. Sivaraj, E. Hoxha, A. Cuesta-
Dominguez, S. Pinho, I. Akhmetzyanova, |. Gao, M. Witkowski, M.
Guillamot, M. C. Gutkin, Y. Zhang, C. Marier, C. Diefenbach, S.
Kousteni, A. Heguy, H. Zhong, D. R. Fooksman, J. M. Butler, A.
Economides, P. S. Frenette, R. H. Adams, R. Satija, A. Tsirigos, I.
Aifantis, Nature 2019, 569, 222.

S. Lotinun, N. Krishnamra, Sci. Rep. 2016, 6, 31515.

S. Lotinun, G. L. Evans, R. T. Turner, M. J. Oursler, J. Bone Miner. Res.
2005, 20, 644.

T. Matsumoto, Y. Mifune, A. Kawamoto, R. Kuroda, T. Shoji,
H. lwasaki, T. Suzuki, A. Oyamada, M. Horii, A. Yokoyama, H.
Nishimura, S. Y. Lee, M. Miwa, M. Doita, M. Kurosaka, T. Asahara,
J. Cell. Physiol. 2008, 215, 234.

D.Y. Lee, T.-J. Cho, J. A. Kim, H. R. Lee, W. J. Yoo, C. Y. Chung, I. H.
Choi, Bone 2008, 42, 932.

R. Aggarwal, J. Lu, S. Kanji, M. Joseph, M. Das, G. ]. Noble, B. K.
McMichael, S. Agarwal, R. T. Hart, Z. Sun, B. S. Lee, T. J. Rosol, R.
Jackson, H.-Q. Mao, V. J. Pompili, H. Das, PLoS One 2012, 7, 39365.

14194 (16 of 16)

[57]

(58]

[59]

(60]
(67]

(62]

(63]

(64]

[65]

(66]

[67]

www.advancedscience.com

T. Matsumoto, A. Kawamoto, R. Kuroda, M. Ishikawa, Y. Mifune, H.
Iwasaki, M. Miwa, M. Horii, S. Hayashi, A. Oyamada, H. Nishimura,
S. Murasawa, M. Doita, M. Kurosaka, T. Asahara, Am. J. Pathol. 2006,
169, 1440.

N. Rozen, T. Bick, A. Bajayo, B. Shamian, M. Schrift-Tzadok, Y.
Gabet, A. Yayon, I. Bab, M. Soudry, D. Lewinson, Bone 2009, 45,
918.

R. Kuroda, T. Matsumoto, T. Niikura, Y. Kawakami, T. Fukui, S. Y. Lee,
Y. Mifune, S. Kawamata, M. Fukushima, T. Asahara, A. Kawamoto, M.
Kurosaka, Stem Cells Trans|. Med. 2014, 3, 128.

C. A. Simmons, E. Alsberg, S. Hsiong, W. J. Kim, D. J. Mooney, Bore
2004, 35, 562.

Y. Huang, D. Kaigler, K. G. Rice, P. H. Krebsbach, D. |. Mooney, .
Bone Miner. Res. 2005, 20, 848.

M. M. Martino, F. Tortelli, M. Mochizuki, S. Traub, D. Ben-David, G.
A. Kuhn, R. Miiller, E. Livne, S. A. Eming, ). A. Hubbell, Sci. Transl.
Med. 2011, 3, 100ra89.

M. M. Martino, P. S. Briquez, E. Giig, F. Tortelli, W. W. Kilarski, S.
Metzger, . J. Rice, G. A. Kuhn, R. Miiller, M. A. Swartz, ). A. Hubbell,
Science 2014, 343, 885.

P. S. Briquez, H.-M. Tsai, E. A. Watkins, J. A. Hubbell, Sci. Adv. 2021,
7, abh4302.

M. Mochizuki, E. Gug, A. ). Park, Z. Julier, P. S. Briquez, G. A. Kuhn,
R. Miller, M. A. Swartz, |. A. Hubbell, M. M. Martino, Nat. Biomed.
Eng. 2019, 4, 463.

A. Grosso, A. Lunger, M. G. Burger, P. S. Briquez, F. Mai, J. A. Hubbell,
D. ). Schaefer, A. Banfi, N. D. Maggio, Npj Regen. Med. 2023, 8,
15.

R.-Z. Lin, R. Moreno-Luna, R. Mufioz-Hernandez, D. Li, S.-C. S.
Jaminet, A. K. Greene, |. M. Melero-Martin, Angiogenesis 2013, 16,
735.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

