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ARTICLE INFO ABSTRACT

Keywords: The synchronized development of mineralized bone and blood vessels is a fundamental requirement for suc-
Vascularized bone regeneration cessful bone tissue regeneration. Adequate energy production forms the cornerstone supporting new bone for-
ETV2

mation. ETS variant 2 (ETV2) has been identified as a transcription factor that promotes energy metabolism
reprogramming and facilitates the coordination between osteogenesis and angiogenesis. In vitro molecular ex-
periments have demonstrated that ETV2 enhances osteogenic differentiation of dental pulp stem cells (DPSCs) by
regulating the ETV2- prolyl hydroxylase 2 (PHD2)- hypoxia-inducible factor-1a (HIF-1a)- vascular endothelial
growth factor A (VEGFA) axis. Notably, ETV2 achieves the rapid reprogramming of energy metabolism by
simultaneously accelerating mitochondrial aerobic respiration and glycolysis, thus fulfilling the energy re-
quirements essential to expedite osteogenic differentiation. Furthermore, decreased a-ketoglutarate release from
ETV2-modified DPSCs contributes to microcirculation reconstruction. Additionally, we engineered hydroxyap-
atite/chitosan microspheres (HA/CS MS) with biomimetic nanostructures to facilitate multiple ETV2-DPSC
functions and further enhanced the osteogenic differentiation. Animal experiments have validated the syner-
gistic effect of ETV2-modified DPSCs and HA/CS MS in promoting the critical-size bone defect regeneration. In
summary, this study offers a novel treatment approach for vascularized bone tissue regeneration that relies on
energy metabolism activation and the maintenance of a stable local hypoxia signaling state.

Hypoxia-inducible factor-1a
Metabolism reprogramming
Microsphere

procedures conducted globally each year [2]. However, limited pro-
genitor cell differentiation and the occurrence of avascular necrosis,
often attributes to inadequate vascularization and can lead to delayed
healing and nonunion [3,4]. In large bone defect studies involving an-

1. Introduction

The regeneration of bone defects arising from trauma, infection,
tumor resection, and skeletal abnormalities remains a significant chal-
lenge in maxillofacial surgery [1]. The use of diverse bone substitutes for

imal models, a multitude of scaffolds exhibit restricted bone-healing
capabilities owing to their low osteogenic induction activity and inad-
equate vascularization. This limitation has impeded their clinical

grafting has become increasingly common, with over 2 million
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Abbreviations full forms
ALP Alkaline phosphatase
ARS Alizarin red staining
BMD Bone mineral density
BS/TV  Bone surface/total volume
BV/TV  Bone volume/total volume
CCK-8  Cell Counting Kit-8
Dox Doxycycline
DPSCs  Dental pulp stem cells
ECAR  Extracellular acidification rate
EDS Energy-dispersive X-ray spectroscopy
ELISA  Enzyme-linked immunosorbent assay
ETV2 ETS variant 2
H&E Hematoxylin-Eosin
HA/CS MS Hydroxyapatite/chitosan microspheres

HIF-1la Hypoxia-inducible factor-1o

HSCs Hematopoietic stem cells

HUVEC Human umbilical vein endothelial cells
OCR Oxygen consumption rate

PHD2  Prolyl hydroxylas 2

PI Propidium iodide

gRT-PCR Quantitative Real-time Polymerase Chain Reaction

ROS Reactive oxygen species

siRNA  Short interfering RNA

TAC Tricarboxylic acid cycle

Tb Th  Trabecular thickness

TEM Transmission electron microscopy
VEGFA vascular endothelial growth factor A
WB Western blot

XRD X-ray diffraction analysis

o-KG a-ketoglutarate

translational application [5-8].

Energy metabolism forms the foundation of diverse biological pro-
cesses and is a prerequisite for physiological functions. Post bone injury,
mesenchymal stem cells (MSCs) undergo osteogenic lineage commit-
ment and differentiate into functional osteocytes to form new bone.
However, compared to the adipogenic differentiation of MSCs,
osteoblast-related cell proliferation and differentiation are energy-
intensive processes that require consistently active metabolism to
meet energy demands [9,10]. Bioenergy mapping studies have demon-
strated that initiation of osteogenic differentiation of MSCs necessitates
accelerated oxidative phosphorylation and glycolysis [11,12]. However,
high-energy metabolism produces secondary high intra-mitochondrial
reactive oxygen species (ROS), which damages the mitochondria and
limits the energy supply [13]. When the energy supply is compromised,
MSC proliferation and differentiation are hindered, resulting in delayed
tissue repair and exacerbation of the original damage [12]. Therefore, a
key target for promoting bone regeneration is to ensure an adequate
energy supply to support MSC osteogenic differentiation.

Microcirculation disruption caused by bone fractures leads to a
critical hypoxic microenvironment [14]. Under hypoxic conditions,
reactive hypoxia-inducible factor-1a (HIF-1a) activation induces meta-
bolic reprogramming in osteoblasts, shifting from aerobic respiration to
anaerobic glycolysis [15]. This adaptation enhances cell survival and
resistance to hypoxic microenvironments. Additionally, within the
skeletal system, HIF-1a plays a crucial role in H-type capillary forma-
tion, which create distinct metabolic and molecular microenvironments
that facilitate angiogenesis and osteogenesis coupling [16]. Some
studies have explored bioinspired strategies involving materials equip-
ped with HIF-1 pathway agonists, significantly contributing to local
angiogenesis and bone regeneration [17,18]. However, burst release and
excessive local concentrations of agonists can lead to histotoxicity.
Therefore, gaining a comprehensive understanding of the cell types
mediated by hypoxic signals within the microenvironment to precisely
activate HIF-1 signaling is imperative [19]. MSCs play a pivotal role in
regenerative medicine. Human dental pulp contains precursor cells
known as dental pulp stem cells (DPSC), which exhibit self-renewal and
multilineage differentiation abilities and share phenotypic and
morphological characteristics with MSCs. Focusing on MSCs, our
research has unveiled that ETS variant 2 (ETV2) regulates intracellular
HIF-1a homeostasis and influences hypoxia signaling within the bone
niche, thereby expediting vascularized bone regeneration.

ETV2 is a transcription factor that regulates the endothelial and
hematopoietic development [20]. Herein, we have discovered that ETV2
serves as a pivotal transcription factor for energy metabolic reprog-
ramming, linking osteogenic and angiogenic processes via hypoxic
signaling. Osteogenic lineage differentiation of MSCs is accompanied by
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high ETV2 expression. DPSC exhibit self-renewal and multilineage dif-
ferentiation abilities. They are more readily available and share
phenotypic characteristics with MSCs. In adult DPSCs with limited
inherent regenerative potential, ETV2 transient activation maintains
intracellular HIF-1a homeostasis and promotes osteogenic differentia-
tion through the prolyl hydroxylase 2 (PHD2)-HIF-1a-vascular endo-
thelial growth factor A (VEGFA) axis. Furthermore, reduced
a-ketoglutarate (a-KG) release from ETV2-mediated DPSCs creates a
hypoxic signal-homeostatic angiogenic niche, thereby promoting
endothelial cell migration and the rapid formation of vascular struc-
tures. ETV2 orchestrates metabolic reprogramming by simultaneously
accelerating oxidative phosphorylation and glycolysis to enhance en-
ergy supply and rate of regeneration.

Microspheres are expected to reconstruct native stem cell niches,
supporting the regulatory functions and metabolic activity of MSCs in
the microenvironment [21,22]. We utilized hydroxyapatite/chitosan
microspheres to deliver ETV2-DPSCs/MS complexes to critically sized
rat cranial defect models, resulting in accelerated bone regeneration.
Therefore, we present an effective application strategy that simulta-
neously achieves rapid angiogenesis and bone regeneration, driven by
the regulation of local hypoxic signaling homeostasis and energy
metabolism programming. This approach holds significant promise for
treating bone defects, particularly critical-size bone defects.

2. Materials and methods
2.1. Cell culture

Human DPSC were obtained from Procell Life Science and Tech-
nology Co. (China). To identify stem cell surface markers, flow cytom-
etry detected FITC-conjugated surface antibodies (CD90 (328,107,
Biolegend), CD73 (344,015, Biolegend), CD44 (397,517, Biolegend),
CD31 (303,103, Biolegend), CD45 (304,005, Biolegend), and CD34
(343,603, Biolegend)). For osteogenic differentiation induction, DPSCs
were cultured in a complete medium with 10 mM B-glycerophosphate,
1077 M dexamethasone, and 50 pg/ml ascorbic acid.

Human umbilical vein endothelial cells (HUVEC) were purchased
from Thermo Scientific and cultured in an Endothelial Cell Medium
(Gibco). The cell line was qualified post authentication and tested
negative for mycoplasma.

2.2. Lentivirus transfection

An ETV2-encoding lentivirus based on doxycycline (Dox) induced
(GeneChem, China) and EGLN1(PHD2)-encoding lentiviruses
(Genomeditech, China) was constructed. During transfection, when cell
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fusion reached 30-50%, cells were transfected with lentivirus using 5
pg/ml polybrene. After 12 h, the medium was replaced with complete
medium. To ensure constant ETV2 expression in ETV2-DPSCs, 100 ng/
ml Dox was incorporated. For VEGFA and PHD2 knockdown, cells were
grown to 80% confluence and transfected with short interfering RNA
(siRNA), including human-si-NC, human-si-VEGFA, and human-si-
EGLN1 (provided by Tsingke Biotech, China), using 2.5 pg/ml lip-
ofectamine 2000 (Invitrogen). The plasmid sequences are depicted in
the Supplementary Material.

2.3. Quantitative real-time polymerase chain reaction (qQRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen) and the mRNA
concentration was quantified using a NanoDrop2000 spectrometer.
Subsequently, cDNA was synthesized using the PrimeScript-b® RT re-
agent Kit (TaKaRa Biotech, Japan). To evaluate the expression of the
target genes, polymerase chain reaction (PCR) was conducted using the
TB Green Premix ExTapTM II kit (TaKaRa Biotech) following the SYBR
protocol. The cycling condition was as follows: 95 °C for 5 min, followed
by 30 cycles of 98 °C for 10's, 55 °C for 10's, 72 °C for 90 s, and 1 cycle of
72 °C for 8 min. The results were evaluated by the 2 AACT method, with
GAPDH serving as the reference gene. Primer sequences for the evalu-
ated genes are enlisted in Table 1.

2.4. Western blot

Total cellular protein was extracted using RIPA lysis buffer (Beyo-
time, Shanghai, China) supplemented with a protease inhibitor cocktail
(Beyotime) (see Table 2). Cytoplasmic and nuclear proteins were sepa-
rately extracted according to the manufacturer’s instructions using the
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo Sci-
entific). Subsequently, the proteins (12 pg) were separated on 10-12%
(w/v) SDS-polyacrylamide gel (Beyotime) and transferred onto a PVDF
membrane. The membrane was blocked with 5% (w/v) fetal bovine
serum (BSA) for 1 h at room temperature and then incubated overnight
at 4 °C with primary antibodies specific for ETV2 (ab181847, 1:1000,
Abcam), OSX (ab209484, 1:1000, Abcam), RUNX2 (ab76956, 1:1000,
Abcam), OPN (NB110-89062, 1:1000, Novus), Collagen 1 (ab255809,
1:1000, Abcam), HIF-la (BF8002, 1:1000, Affinity), PHD1 (EGLN2,
DF7918, 1:1000, Affinity), PHD2 (DF6285, 1:1000, Affinity), PHD3
(DF12694, 1:1000, Affinity), VEGFA (66828-1-Ig, 1:1000, Proteintech),
ERK1/2 (YT1625, 1:1000, ImmunoWay), pERK1/2 (YP1055, 1:1000,
ImmunoWay), VE-Cadherin (AF6265, 1:1000, Affinity), AIF (sc-13116,
1:1000, Santa), Mitofilin (sc-390,707, 1:1000, Santa), and f-actin
(ZSGB-Bio). The samples were then incubated with a secondary anti-
body (1:10,000, ZSGB-Bio) for 1 h and visualized using an ECL kit
(Millipore).

2.5. Alkaline phosphatase (ALP) and alizarin red S staining (ARS)
Post osteogenic induction, the DPSCs were fixed with 4% para-
formaldehyde and stained using an alkaline phosphatase activity kit

(Beyotime) and Alizarin red S solution (ServiceBio), following the

Table 1
Primer sequences.

Gene Forward sequence Reverse sequence

ETV2 GAAGGAGCCAAATTAGGCTTCT GAGCTTGTACCTTTCCAGCAT
RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
0OSX CCTCTGCGGGACTCAACAAC AGCCCATTAGTGCTTGTAAAGG
COL1A1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
OPN CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT
PHD1 TGGCCCTGGACTATATCGTG GGCACCAATGCTTCGACAG
PHD2 GAAGGCGAACCTGTACCCC TTCATGCACGGCACGATGTA
PHD3 CTGGGCAAATACTACGTCAAGG GACCATCACCGTTGGGGTT
HIF-1a GAACGTCGAAAAGAAAAGTCTCG CCTTATCAAGATGCGAACTCACA
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Table 2
Plasmid sequences.

gene Sense (5-3") Antisense (5-3)

Human-si- CAAGAUCCGCAGACGUGUA UACACGUCUGCGGAUCUUG
VEGFA (dT) (dT) (dT) (dT)

Human-si- CAAGGUAAGUGGAGGUAUA UAUACCUCCACUUACCUUG
PHD2 (dT) (dT) (dT) (dT)

manufacturer’s instructions. To quantify mineral deposition, the
mineralized matrix was destained using 10% cetylpyridinium chloride
(Sigma-Aldrich) and the absorbance of the solution was quantified at
562 nm using an enzyme-labeled instrument.

2.6. Mouse tooth extraction model

All in vivo procedures involving laboratory animals were approved
by the Ethics Committee of the Capital Medical University (KQYY-
202304-005). The animals were obtained from the Animal Experimental
Center of Capital Medical University and were uniformly cared for by
the animal experimental center. The animal studies complied with the
Animal Research: Reporting In Vivo Experiments (ARRIVE) 2.0
guidelines.

Twenty male mice, aged 7-8 weeks, were used for tooth extraction.
Mice were anesthetized via intraperitoneal sodium pentobarbital (100
mg/kg) injection. After administering anesthesia, the oral cavity un-
derwent disinfection, and the maxillary first molars on both sides were
extracted using apical elevator, ensuring an examination of tooth root
integrity. Local compression was applied as needed to control bleeding,
ensuring the formation of blood clots within the extraction sockets and
preventing active bleeding. Postoperatively, mice were offered a soft
diet to facilitate recovery.

2.7. Tissue preparation and histological observation

The tissue samples were processed as follows: they were initially
fixed in 4% paraformaldehyde for 24 h, then embedded in paraffin, and
subsequently sectioned into 5-pm thick slices. For hard tissues, extensive
decalcification was conducted using 14% EDTA solution (pH 7.4) for
four weeks before embedding.

Hematoxylin-Eosin (H&E) and Masson staining were conducted on
all serial sections. For immunofluorescence, sections or cells were
incubated with primary antibodies, including ETV2 (ab181847, 1:500,
Abcam), CD90 (105,201, 1:100, Biolegend), pERK1/2 (YP1055, 1:100,
ImmunoWay), HIF-la (BF8002, AF1009, 1:100, Affinity), PHD2
(DF6285, 1:100, Affinity), CD31 (AF6191, 1:100, Affinity), OPN
(NB110-89062, 1:100, Novus), and Collagen I (AF7001, 1:100, Abcam)
overnight at 4 °C. Subsequently, secondary antibodies, including FITC-
Conjugated Goat anti-mouse IgG (HA1003, 1:200, HUABIO), Alexa
Fluor 594 Anti-rabbit IgG (8889, 1:500, Cell Signaling Technology),
Alexa Fluor 488 Anti-rabbit IgG (4412, 1:500, Cell Signaling Technol-
ogy), and FITC-conjugated goat anti-rabbit IgG (SA00003-11, 1:100,
Proteintech), were applied for 1 h. Nuclei were labeled with DAPI
(Beyotime) for 5 min and images were captured using a fluorescence
microscope (Leica).

2.8. RNA extraction, library construction, and sequencing

Total RNA was extracted using the TRIzol reagent kit (Invitrogen)
post 7 d of osteogenic differentiation induction. RNA quality was
assessed with an Agilent 2100 Bioanalyzer (Agilent Technologies, USA)
and checked using RNase-free agarose gel electrophoresis. Post total
RNA extraction, eukaryotic mRNA was enriched using oligo (dT) beads.
The enriched mRNA was converted into short fragments using frag-
mentation buffer and reverse-transcribed into cDNA using the NEBNext
Ultra RNA Library Prep Kit for Illumina (NEB#7530, USA). The purified
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double-stranded cDNA fragments underwent end-repair, had an A base
incorporated, and were ligated to Illumina sequencing adapters. The
ligation reaction mixture was purified using AMPure XP Beads (1.0X).
The ligated fragments were size selected by agarose gel electrophoresis
and PCR amplification. The resulting cDNA library was sequenced using
an Illumina Novaseq6000 (Gene Denovo Biotechnology Co.).

2.9. Dual-luciferase reporter assay

The putative binding regions of ETV2 in the human PHD2 promoter
were amplified from genomic DNA and mutant fragments of the high-
score-binding regions were generated using PCR. Target fragments
were then inserted downstream of the firefly luciferase (FL) gene into
the pGL3-basic luciferase reporter vector (Genomeditech) using seam-
less cloning. For luciferase reporter assays, 293 T cells were co-
transfected with individual plasmids, including pGL3-PHD2, pGL3-
PHD2-MT1, pGL3-PHD2-MT2, and ETV2, using Lipofectamine 2000.
After 48 h post-transfection, cell lysates were collected and assayed
using a Dual-Luciferase Assay kit, according to the manufacturer’s in-
structions. The results were normalized using Renilla luciferase (RL)
relative light units and presented as the ratio of FL/RL activity.

2.10. Bioenergetic analyses

To evaluate the impact of ETV2 on DPSC energy metabolism, we
conducted oxygen consumption (OCR) and extracellular acidification
rate (ECAR) assays using the Mito-stress and Glycolysis Stress Test Kits,
respectively, which were conducted using the Seahorse Bioscience
XFe96 Extracellular Flux Analyzer (Agilent). DPSCs were subjected to
osteogenic differentiation for diverse durations, including 12 h, 1, 3, 7,
and 14 d. Subsequently, the cells were seeded in 96-well plates (Agilent
Technologies) at 5000 cells/well density. After washing thrice, the OCR
was measured by sequentially incorporating 2 pM oligomycin, 2 pM
FCCP, and 1 pM Rotenone & antimycin A, per a previously described
protocol [10]. Afterward, 10 mM glucose, 2 pM oligomycin, and 50 mM
2-DG were introduced to evaluate ECAR. The OCR and ECAR values
were computed post normalization using the Cell Counting Kit-8
(CCK-8) assay results.

Mitochondrial morphology was assessed through transmission elec-
tron microscopy (TEM) scanning, following the sample preparation
guidelines and procedures provided by Servicebio. To evaluate the
functional status of the mitochondria, we employed Rhodamine 123
staining (Beyotime), a superoxide Assay Kit (Beyotime), and a ROS
Assay Kit (Beyotime), adhering to the manufacturer’s instructions. The
absorbance and fluorescence values were normalized to the CCK-8 assay
results.

2.11. Engyme-linked immunosorbent assay (ELISA)

For ELISA experiments, cell supernatant samples from an equal
number of cells were processed by centrifugation to remove particulate
matter and then triple-diluted. Additionally, cell lysate samples were
obtained by subjecting 1 x 10* digested cells to repeated freeze-thaw
cycles. We used a Human VEGF-A Pre-coated ELISA Kit (1,117,342,
Dakewe) to detect both intracellular and secretory VEGFA. The standard
was gradient diluted to create a standard curve. After reacting with the
reaction well and enzyme-labeled antibody, the sample was subjected to
coloration using the substrate. The reaction was terminated by incor-
porating a stopping solution. The absorbance was measured at 450 nm
using an enzyme-labeled instrument and the actual concentration was
computed based on a standard curve.

a-Ketoglutarate (a-KG) content in the supernatant was determined
using the Alpha Ketoglutarate Assay kit (ab83431, Abcam) through
colorimetry. According to the operating manual, the a-KG standard was
gradient-diluted to create a standard curve. The supernatant samples
were centrifuged to remove impurities, deproteinized, adjusted PH to
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6.5-8, and incubated with a colorimetric reaction system for 30 min in
the dark. Post incubation, the absorbance of the samples was measured
at 570 nm using an enzyme-labeled instrument. The actual a-KG con-
centration in the samples was determined using a standard curve.

2.12. Angiogenesis assay

A tube formation assay was conducted to assess angiogenesis.
Initially, 1 x 10* human umbilical vein endothelial cells (HUVECs) were
seeded onto a 96-well plate, which was pre-coated with a 50 pl layer of
Matrigel matrix (Corning). Diverse cell supernatants, 100 pM/ml a-KG
(MCE), and 10 nM/ml I0X4 (a competitive inhibitor of a-KG, MCE) were
incorporated to diverse experimental groups. The HUVECs were then
incubated at 37 °C for 16 h and tube formation was subsequently
observed. To quantitatively assess angiogenesis, the number of nodes
formed in the tubes was evaluated. This analysis was conducted using
ImageJ software and involved selecting four randomly chosen fields for
each sample to determine the number of nodes within these areas.

2.13. Wound healing assay

When the HUVECs reached 90% confluence, a pipette tip was used to
create a controlled scratch in the central region of the cell monolayer.
Subsequently, cell quintuple-dilution supernatant from diverse treat-
ment groups, including, 100 pM/ml a-KG and 10 nM/ml 10X4, was
incorporated to the respective experimental groups. After a 16-h incu-
bation period, the relative area covered by migrating cells was carefully
observed. To quantify the extent of cell migration, the relative area of
cell migration was assessed using ImageJ software.

2.14. Cell proliferation assays

HUVECs were seeded into 96-well plates at 5000 cells/well density,
and each group was subjected to diverse treatments as indicated. At
specified time points, 10 pL. CCK-8 reagent (MCE) was mixed with 90 pL
medium and incorporated to the cells. This mixture was then incubated
with the cells at 37 °C for 2 h. Following incubation, absorbance was
determined at 450 nm using an enzyme-labeled instrument.

2.15. Matrigel plug assay in vivo

In vivo angiogenesis was assessed using the Matrigel plug assay.
Twenty female BALB/c nude mice were randomly allocated to four
experimental groups. Each group received an injection of a complex
comprising 3 x 10° HUVEGs, 300 pL Matrigel, along with either cell
supernatant or specific stimulants into the subcutaneous regions in the
underarms of mice. After seven days, the implanted tissues were surgi-
cally retrieved, the extent of angiogenesis was examined based on tissue
dimensions, and immunofluorescence was used to label the vascular
markers. Neovascularization within the Matrigel plugs was quantified
using the ImageJ software.

2.16. Preparation of hydroxyapatite chitosan microspheres (HA/CS MS)

In 1L of 1% (v/v) acetic acid solution, 1 g chitosan powder and 1 g
nano-hydroxyapatite were successively dissolved and sonicated for 10
min to obtain an aqueous 1 % (w/v) HA/CS solution. The oil phase was
prepared by incorporating 3% (v/v) Span-80 to cyclohexane. The flow
rates of the outer oil and inner water phases were set to 1.0 and 0.05 ml/
min. The typical pore sizes were 300-400 and 60-90 pm. NaOH powder
(6 g) was dissolved in ethanol (500 ml) to form a 0.3 M NaOH-ethanol
solution to collect the dripping HA/CS emulsion, which was subse-
quently washed with ethanol. The pellets were collected by centrifuga-
tion at 5000 rpm for 15 min, washed thrice with distilled water, and
freeze-dried to obtain HA/CS-MS.
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2.17. Characterization and in vitro HA/CS MS biocompatibility

Scanning electron microscopy (SEM) samples were fixed in a 2.5%
(v/v) glutaraldehyde solution for 24 h. Post fixation, the samples were
thoroughly rinsed with deionized water to remove excess fixative. After
washing thrice with 100% sodium tert-butoxide, the samples were
freeze-dried. Post freeze-drying, the samples were prepared by ion
sputtering. They were imaged with the SEM, a Gemini 500 SEM (Zeiss,
Germany).

Following freeze-drying, the microspheres underwent compositional
analysis using X-ray diffraction analysis (XRD). The ratio of inorganic to
organic components in the composite microspheres was investigated
using thermogravimetric analysis. Energy-dispersive X-ray spectroscopy
(EDS) analysis was employed to observe the distribution of nitrogen (N),
calcium (Ca), phosphorus (P), and sodium (Na) elements on the
microsphere surface. An atomic force microscope was used to test the
mechanical strength of microspheres. The Young’s modulus of micro-
spheres was determined using NanoScopeAnalysis software.

CCK-8 assay: To evaluate cell viability, DPSCs were co-cultured with
microspheres in 96-well plates at 5000 cells per well density. The
detailed detection method for cell viability was identical to that used for
the cell proliferation assays.

Live-dead staining: The staining solution was prepared by mixing 2
pL calcein acetoxymethyl and 3 pL propidium iodide (PI) in 1 ml PBS.
The cell samples were stained for 15 min at room temperature and
observed under a fluorescence microscope. During staining, dead cells
fluoresced red, whereas living cells fluoresced green.

Immunofluorescence: To assess the effects of the microsphere surface
environment on osteogenic differentiation, DPSCs were cultured with 2
x 10° cells and 100 pL microspheres in a six-well plate without adhesive
coating for one day. Osteogenic induction was conducted for 7 d, and
immunofluorescence was performed to detect RUNX2 and OSX.

2.18. Rat critical-size calvarial defect model

Cells (1 x 106) were incubated with 1 ml scaffold for 1 d to form
DPSC/MS complexes, which were later used to evaluate vascularized
bone regeneration in vivo. Before in vivo transplantation, the complexes
were subjected to 7 d of osteogenic induction.

In the calvarial defect model, 8-week-old male Sprague-Dawley rats,
weighing 200-220 g, were randomly assigned to four groups, each
comprising six rats: Control, MS, NC-DPSCs/MS, and ETV2-DPSCs/MS.
Surgical procedures were conducted under anesthesia with 3% (w/v)
pentobarbital sodium following established protocols [23]. A sagittal
incision was made in the middle of the calvaria, and a 5-mm diameter
bicortical, extradural defect was created on one side of the parietal bone
using a dental trephine drill, with precooled saline applied to prevent
overheating of the bone margins. All defects, except those in the control
group, were covered with the corresponding materials. Finally, the
periosteum was reset, and careful tension-free suturing of both the
periosteum and skin was performed. The entire procedure was con-
ducted gently to avoid any displacement of materials. Uniform care
procedures and measures were implemented across all groups.

2.19. Bone regeneration analysis

Micro-CT scanning: It was conducted 4 weeks post-surgery using the
SkyScan 1176 Micro-CT scanning system (Bruker, Germany) to recon-
struct a 3D image of the regenerated tissue. The scanning parameters
comprised a 90 kV X-ray source and 9 pm resolution. Bone micro-
parameters within the target area were evaluated using systematic
analysis software to assess key parameters, including bone mineral
density (BMD), bone volume/total volume (BV/TV), bone surface/total
volume (BS/TV), and trabecular thickness (Tb Th).

Histology: Post scanning, the specimens were decalcified and
sectioned for histological observation by H&E and Masson staining. To
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ascertain the impact of osteogenesis and angiogenesis, the presence of
RUNX2, OSX, CD31, OPN, and Collagen I was established using immu-
nofluorescence, employing the previously mentioned method. To pre-
cisely quantify the extent of positive staining, ImageJ software was used
to scrutinize five randomly selected visual fields.

2.20. Statistical analysis

All quantitative measurements were presented as mean + standard
deviation. All statistical analyses were conducted using Prism 6.0 soft-
ware. Student’s t-test and analysis of variance (ANOVA) were used for
paired and multiple comparisons, respectively. The threshold for sta-
tistical significance was set at P < 0.05.

3. Results

3.1. ETV2 exhibits high expression during the early stages of
intramembranous ossification, and it enhances DPSC osteogenic
differentiation

MSCs play a pivotal role in facilitating bone regeneration by un-
dergoing phenotypic transformation into osteoblasts and subsequent
differentiation into mature osteoblasts, thereby promoting bone for-
mation. This phenomenon is consistent with the intramembranous
ossification observed in vivo. The tooth extraction model is considered a
representative model of intramembranous ossification, offering a robust
means of effectively simulating and assessing the intramembranous
ossification processes [24]. To investigate the potential alterations in
ETV2 expression during intramembranous ossification and their impact
on this process, we examined the expression pattern of ETV2 in MSCs
during the regenerative phase using a tooth extraction model.

Histological observations were conducted post bilateral extraction of
the maxillary first molars at 1, 3, 7, and 14 d post-surgery. H&E staining
revealed that on day 1, the extraction socket was filled with blood clots
and few cellular components were present. By day 3, substantial infil-
tration of immune cells was observed. By day 7, finger-like woven bones
had begun to form, and by day 14, mature lamellar bones had formed
with ongoing bone remodeling (Fig. 1A). This sequence of events sig-
nifies the phases of healing including an inflammatory phase, a prolif-
erative phase, and bone modeling and remodeling, with the 7-d period
marking primary osteon formation and representing the early stage of
overall bone regeneration [25]. On postoperative days one and three, a
limited number of CD90" MSCs migrated from the root tip to the
extraction socket. By day 7, a significant increase was observed in
CD90'ETV2" MSCs distributed within the osteoblastic niche along the
edges of the finger-like bone. This indicated that the MSCs were
committed to osteogenic differentiation. As the process transitioned to
the bone remodeling stage on day 14, CD90"ETV2" MSC population
declined rapidly (Fig. 1A).

To further explore ETV2 expression during DPSC osteogenic differ-
entiation, we isolated and characterized human DPSCs. These DPSCs
exhibited robust expression of MSC-related markers, including CD90,
CD73, and CD44, while CD31, CD45, and CD34 expressions were low
(Fig. S1A). Furthermore, we validated the differentiation potential of the
DPSCs using a tri-lineage differentiation assay (Fig. S1B). Following
osteogenic induction of DPSCs for 21 d, we observed that endogenous
ETV2 levels increased to 3.05 + 0.28-fold at day 7, subsequently
returning to control levels at days 14 and 21 (Fig. 1B). These findings
indicate that ETV2 accumulates during the early stages of in vivo
osteogenesis and osteogenic differentiation of DPSCs in vitro.

Osteoblast differentiation is a prerequisite for efficient bone regen-
eration. We first investigated the role of ETV2 in DPSC osteogenic dif-
ferentiation. We employed a controllable overexpression system for
ETV2, enabling stable ETV2 overexpression under the induction of 100
ng/ml Dox at both the mRNA and protein levels (Fig. S1 C, D). ALP
staining after 7 and 14 d of osteogenic induction demonstrated that
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Fig. 1. Expression pattern of ETV2 and its enhancing effect on osteogenic differentiation of DPSCs (A) Representative images of H&E staining and immu-
nofluorescence co-staining for ETV2 (red) and CD90 (green) at diverse time points (1, 3, 7, and 14 d) post-surgery in a mouse tooth extraction model. The white
arrows represent positively stained cells. Scale bar: 100 pm (B) The mRNA expression pattern of ETV2 during DPSC osteogenic differentiation (C) Representative
image of ALP staining (D) Representative image and semi-quantitative analysis of ARS staining. Scale bar: 200 pm (E) The protein expression of key osteogenic
markers, RUNX2, OSX, and OPN post ETV2 overexpression (F) The mRNA expression of RUNX2, COL1A1, OSX, and OPN, post ETV2 overexpression (NC, negative
control; OE, overexpression. Data are presented as the mean of >3 independent experiments +SD. *P < 0.05, **P < 0.01).

ETV2-DPSCs exhibited significantly higher ALP activity (Fig. 1C). This
heightened ALP expression indicates that ETV2-DPSCs are committed to
the osteoprogenitor lineage at a faster rate, becoming preosteoblasts,
than NC-DPSCs [26]. ARS staining at 14 and 21 d post osteogenic in-
duction revealed that ETV2 enhanced mineralized matrix formation in
mature osteoblasts (Fig. 1D). Furthermore, the expression of markers
associated with osteoblast precursors (RUNX2 and OSX) and osteocytes
(COL1A1 and OPN) was assessed at 7, 14, and 21 d [26]. Western
blotting and qRT-PCR demonstrated that ETV2 significantly enhanced
their expression at mRNA and protein levels (Fig. 1E, F and Fig. S8A).
Collectively, these data indicate that ETV2 is essential for osteogenic
differentiation and mineralization of DPSCs.

3.2. ETV2 facilitates stabilization and nuclear accumulation of HIF-1a by
transcriptionally inhibiting PHD2 and phosphorylating ERK1/2

To further investigate the potential mechanisms by which ETV2
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promotes DPSC osteogenic differentiation, we conducted RNA sequence
analysis of total RNA samples obtained from ETV2-DPSCs and NC-DPSCs
post 7 d of osteogenic induction. The results indicated the dysregulation
of 616 genes, with 335 upregulated and 281 downregulated. KEGG
functional enrichment analysis highlighted significant enrichment in
pathways related to cytokine interactions and metabolism, with a
particular emphasis on the HIF-1 signaling pathway (Fig. 2A). We as-
sume that HIF-1 signaling pathway activation in MSCs may contribute to
the coupling of bone regeneration and angiogenesis.

The family of PHDs degrades HIF-1la under normoxic conditions
through oxygen-dependent hydroxylation of prolyl residues on HIF-1a.
Within the PHD family, PHD2 is the most abundant member, and pri-
marily contributes to this degradation [27]. A heatmap was generated to
display genes associated with osteogenesis and HIF-1 signaling (Fig. 2B),
revealing a significant EGLN1 (PHD2) downregulation, suggesting an
impact on HIF-1a stabilization. Western blot analysis demonstrated that
ETV2 overexpression led to a substantial increase in HIF-1a levels and a
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Fig. 2. ETV2 induces HIF-1a stabilization and nuclear accumulation by transcriptional inhibition of PHD2 and ERK1/2 phosphorylation (A) KEGG
functional enrichment analysis of RNA sequence (B) A heatmap displays genes associated with osteogenesis and HIF-1 signaling (C, D) The protein and mRNA
expression of HIF-1a and PHDs following ETV2 overexpression (E) Schematic of putative ETV2 binding elements on PHD2 promoter region (F) Dual luciferase
reporter gene assay of ETV2 and PHD2 (G) Cytoplasmic HIF-1q, total and phosphorylated ERK1/2, and intracellular HIF-1a expression post ETV2 overexpression (H)
Representative immunofluorescent images of intracellular phosphorylated ERK1/2. The Cy3 channel fluorescence represents lentiviral transfection. Scale bar: 50 pm
(I) Representative immunofluorescent images of intranuclear HIF-1a. The Cy3 channel fluorescence represents lentiviral transfection. The orange arrows indicate the
fluorescence of HIF-1a in the nucleus, while the white arrows point to the absence of HIF-1a fluorescence in the nucleus. Scale bar: 50 pm (NS, no significant
difference, NC, negative control; OE, overexpression. Data are presented as the mean of >3 independent experiments +SD. *P < 0.05, **P < 0.01, and ***P < 0.001).

decrease in PHD2 levels, and no significant differences were observed
for PHD1 and PHD3 (Fig. 2C and Fig. S8B). At the mRNA level, ETV2
significantly affected PHD2 expression (Fig. 2D). Osteogenic induction
was conducted under normoxic conditions, and this HIF-1a upregulation
likely occurs indirectly due to PHD2 inhibition by ETV2. The regulatory
mechanism by which ETV2 affects PHD2 is likely through transcrip-
tional regulation, as analysis of the PHD2 promoter sequence revealed
conserved putative ETV2 binding elements (Fig. 2E). Dual-luciferase
reporter gene assays demonstrated that ETV2 increased luciferase ac-
tivity driven by the PHD2 promoter. When the ETV2 binding elements

were mutated to create a mutant PHD2 promoter construct,
co-transfection with the ETV2 vector suppressed the luciferase activity
of the mutant PHD2 promoter construct (Fig. 2F). In summary, ETV2
stabilizes HIF-1a levels through PHD2 transcriptional inhibition.

Our previous research has established that ETV2 promotes ERK1/2
phosphorylation, which may facilitate the formation of the HIF-1a and
HIF-1f heterodimer and translocate into the nucleus for transcriptional
activity [15,28]. Through the separation of cytoplasmic and nucleo-
protein, we observed that ETV2 substantially increased intracellular
phosphorylated ERK1/2 (pERK1/2) and intranuclear HIF-1a (Fig. 2G
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and Fig. S8C) levels. Immunofluorescence analysis revealed strong
fluorescence associated with pERK1/2 and intranuclear HIF-1a in the
ETV2 OE group. Conversely, the NC group displayed a lack of intra-
nuclear HIF-1a fluorescence (Fig. 2H and I). These data suggest that
ETV2 induced nuclear translocation of HIF-la by ERK1/2
phosphorylation.

3.3. The PHD2-HIF-1a-VEGFA axis plays a pivotal role in promoting
DPSCs osteogenic differentiation

To assess changes in the HIF-1 signaling pathway during physio-
logical osteogenesis, we examined PHD2 and HIF-1a expression in MSCs
during the healing process following tooth extraction. The results
revealed a significant increase in CD90HIF-1a* cells in the early stages

A 1 day 3 day
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of osteogenesis (specifically, on post-extraction day 7) (Fig. 3A). The
number of CD90"PHD2" cells also increased (Fig. 3B). This contradic-
tory outcome may be attributed to the incomplete formation of the
vascular network, resulting in a relative lack of oxygen as a co-acting
substrate, which leads to PHD2 dysfunction.

To further explore the impact of the PHD2-HIF-1a axis on DPSC
osteogenic differentiation, we conducted gain-of-function and loss-of-
function experiments. PHD2 overexpression resulted in significant re-
ductions in mineralized nodules (Fig. 3C), including decreased levels of
HIF-1a, VEGFA, and the osteoblast markers OPN and COL-1 (Fig. 3D and
Fig. S8D). Conversely, PHD2 knockdown using siRNA led to enhanced
osteogenic differentiation (Fig. S2).

HIF-1a stabilization leads to endogenous and secretory VEGFA
upregulation (Fig S3A, B). Notably, the conditional knockout of VEGF in
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Fig. 3. PHD2-HIF-1a-VEGFA axis promotes DPSC osteogenic differentiation (A, B) Representative images and quantitative statistics of immunofluorescence co-
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presented as the mean of >3 independent experiments +SD. *P < 0.05, **P < 0.01, and
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osteoblast cell lines results in mineralization defects that cannot be
rescued, even with exogenous VEGFA supplementation [29]. The
hTFtarget database indicates that VEGFA is the target coding protein of
HIF-1a, and the physical binding of HIF-1a to VEGFA promoters has
been verified through chromatin immunoprecipitation assays [30].
When endogenous VEGFA in DPSCs was knocked down using siRNA, the
expression of mineralized matrix, OPN, and COL-1 significantly
decreased (Fig. 3E, F and Fig. S8E). Moreover, upon the addition of an
extra 40 ng/ml of VEGFA, there were no noticeable alterations in
mineralized matrix and osteogenic protein expression compared to the
control group (Fig. S3C-E). These findings imply that HIF-1a facilitates
DPSCs osteogenic differentiation by elevating the intracellular levels of
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VEGFA. In summary, these findings partially elucidate the osteogenic
effects of ETV2 on DPSCs through the PHD2-HIF-la-VEGFA axis
(Fig. 3G).

3.4. ETV2 drives metabolism reprogramming and mitigates mitochondrial
dysfunction, resulting in a reduction in a-KG release

Respiration is essential for cell survival and function. Metabolic
reprogramming induced by HIF-1 signaling promotes anaerobic
glycolysis, a mechanism that supports osteoblast function [15].
Furthermore, RNA-seq analysis revealed a potential role of ETV2 at the
metabolic level (Fig. 2A). This prompted us to investigate whether ETV2
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influenced tissue regeneration from metabolic regulation perspective.
High-throughput Seahorse XF instruments are recognized as the gold
standard for rapid analysis of theoretical glycolytic and oxidative fluxes
[31]. To further validate the effects of ETV2 on the energy metabolism of
DPSCs, OCR, and ECAR analyses were conducted at diverse time points
during osteogenic induction. The results indicated that ETV2 promoted
mitochondrial oxidative phosphorylation (OXPHOS) at the early stages
of osteogenic induction (at 12 h and 3 d), which was reflected in
increased basal and maximal mitochondrial respiration and ATP-linked
respiration (Fig. 4A-C). In ECAR detection, ETV2 promotes glycolysis,
glycolytic capacity, and glycolytic reserves at 12 h and 3 d (Fig. 4B).
However, no significant differences were observed at the subsequent
time points (Fig. S4). Given the antagonistic effect of HIF-1a on mito-
chondrial oxidative phosphorylation [9,32], it is noteworthy that the
increase in mitochondrial aerobic respiratory appears to be independent
of the HIF-1 signal, which may be associated with mitochondrial func-
tion protection.

Subsequently, we conducted an in-depth examination of mitochon-
drial ultrastructure and function. Three days post osteogenic induction,
TEM morphological analysis revealed that mitochondria in the NC group
demonstrated significant swelling and membrane damage, whereas
mitochondria in the ETV2 group demonstrated no significant swelling
(Fig. 4D). The Western blot results indicate that osteogenic induction
leads to a significant decrease in mitochondrial membrane stability-
related proteins, AIF, and Mitofilin. However, ETV2 can partially
rescue the expression of AIF and Mitofilin, suggesting that ETV2 pro-
motes mitochondrial membrane stability, preventing structural damage
(Fig. 4E and Fig. S8F). Analyses of superoxide anions, total ROS, and
mitochondrial membrane potential indicated that ETV2 had a protective
effect against mitochondrial oxidative damage and apoptosis in the early
stages of osteogenesis (Fig. 4F-H). These findings suggest that ETV2 may
enhance the energy supply to meet the energy requirements for osteo-
genic lineage differentiation and improve the survival of MSCs by acti-
vating the HIF-1 pathway and preventing mitochondrial dysfunction.

Functional interactions between HIF-1a and tricarboxylic acid cycle
(TAC) intermediates have been documented. For, example, the accu-
mulation of succinate, fumarate, and L-2-hydroxyglutarate inhibits PHD
activity, thereby enhancing the stability of HIF-1a within the subunit
[33]. In this context, a-KG, which serves as both a co-acting substrate for
PHD2 and an intermediate in TAC, is particularly relevant. Notably,
reduced o-KG accumulation resulted from a faster TAC cycling process,
and a-KG release into the surrounding microenvironment is assumed to
be linked to mitochondrial damage [34,35]. The decrease in a-KG levels
within the niche, resulting from the effects of ETV2 on mitochondria
protection and enhanced OXPHOS, might contribute to the maintenance
of local hypoxia signal homeostasis, manifesting in HIF-1« stabilization
by PHD2 dysfunction. Our analysis revealed that a-KG concentration in
NC-DPSC supernatant was higher, 2.96 + 0.33 times that of the ETV2
OE group (Fig. 5B).

3.5. Reduction of a-KG induces angiogenesis

Osteoblastic cells have an impact on hematopoietic stem cell fre-
quency in vivo [36]. Immunofluorescence co-staining with CD90 and
CD31 revealed the proximity of MSCs to endothelial cells (Fig. 5A),
which formed the foundation for physiological interactions within these
niches. Although direct contact between hematopoietic stem cells
(HSCs) and osteoblasts has seldom been observed using in vivo imaging
in previous studies [37,38], the spatial relationship between MSCs and
blood vessels suggests that MSCs may establish specialized niches to
facilitate peripheral endothelial cells migration.

To investigate the pro-angiogenic role of ETV2-DPSCs within niches
and the influence of a-KG on this process, we employed a tube formation
assay. The number of tube nodes reflected the initiation of tube forma-
tion. HUVECs treated with ETV2-DPSC supernatant formed extensive
tube structures and increased the number of nodes. This effect was
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attenuated by the incorporation of a-KG and partially rescued by I0X4, a
competitive inhibition of a-KG (Fig. 5C-G). The wound healing assay
mimicked the recruitment of endogenous endothelial cells via the
paracrine activity of MSCs to promote the formation and extension of
the vascular network within the niche. Diluted supernatants were used
to avoid confounding factors associated with cell proliferation. Results
demonstrated that the supernatant from ETV2-DPSCs facilitated wound
healing, an effect attenuated by a-KG conditioned medium and partially
rescued by I0X4 conditioned medium (Fig. 5D-H). Additionally, no
significant impact was present on HUVEC proliferation across all groups
(Fig. 5E), even when a-KG and I0X4 concentrations increased by a factor
of 50 (Fig. S1E, F). Furthermore, a-KG exerted an impact on HIF-1
signaling in HUVECs. The ETV2 and I0X4 groups exhibited PHD2
downregulation, and HIF-1a and endothelial cell marker VE-Cadherin
upregulation, while the NC and a-KG group displayed an opposite
trend (Fig. 5F).

To further substantiate the impact of a-KG on angiogenesis, a
matrigel plug assay was conducted in the armpit of nude mice. Matrigel
plug assay is a well-established method for assessing functional angio-
genesis in vivo [39]. After 7 d post-surgery, the size of resected matrigel
plugs was significantly reduced in the a-KG group compared to the ETV2
group. Pharmacological intervention with 10X4 restored the tissue size
(Fig. 5I). Immunofluorescence analysis demonstrated a trend consistent
with the tissue size data, quantifying the proportion of the neovascular
area (Fig. 5J). These findings collectively provide robust evidence to
support the notion that ETV2-DPSCs promote local endothelial cell
migration and the formation of vascular networks by reducing o-KG
levels (Fig. 5K).

3.6. Characterization of HA/CS-MS

The fabrication process for HA/CS-MS using microfluidic technology
is depicted in Fig. 6A. The process initiated with the use of an HA/CS
acetic acid solution as the aqueous phase, which formed droplets
through the shear force generated by the oil phase. These aqueous
droplets were enveloped in the oil phase and subsequently released into
an alkaline solution. As the pH of the solution changed from slightly
acidic to neutral, the chitosan solution underwent rapid sol-gel trans-
formation. This transformation results in hydroxyapatite encapsulation,
forming microspheres [40].

By maintaining precise control over the flow ratio of the oil phase to
the water phase, typically set at 20, the average diameter of the mi-
crospheres can be consistently maintained within the range of 150-210
pm (Fig. 6G) [41]. Further examination of the HA/CS-MS using SEM
revealed that these microspheres were characterized by a uniform
nanoscale fiber network (Fig. 6B). This intricate structure closely re-
sembles the physical architecture of natural bone extracellular matrix.
Previous studies have demonstrated the advantages of biomaterials
featuring ECM-like nanofiber structures, including their ability to offer
numerous focal adhesion sites, guide cell migration, and influence cell
differentiation. Consequently, biomaterials that incorporate ECM-like
nanofiber structures are expected to effectively support and regulate
cell behavior and lineage fate, thereby promoting novel tissue
formation.

Under bright-field microscopy, the microspheres exhibited a spher-
ical shape with a uniform texture, smooth boundaries, and a high degree
of monodispersity. When the DPSCs were incubated with these micro-
spheres, they effectively adhered to and interconnected with the mi-
crospheres, forming complexes (Fig. 6C). Through X-ray diffraction
analysis, we confirmed that the diffraction peaks of MS aligned with the
standard peaks for HA and CS (Fig. 6D). Complemented by thermogra-
vimetric analysis, it was established that MS consists of 44.567% hy-
droxyapatite and 55.433% chitosan (Fig. 6E). Energy dispersive
spectrometer analysis demonstrated a homogeneous distribution of Ca
and P elements representing hydroxyapatite and N elements represent-
ing chitosan within the microspheres (Fig. S5A), resembling the
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equal number of NC-DPSCs and ETV2-DPSCs (C) Tube formation of HUVECs treated with an ETV2-conditioned medium, with or without the incorporation of a-KG or
10X4 (D) The wound healing assay conducted on HUVECs treated with ETV2-conditioned medium, both with and without a-KG or I0X4 incorporation (E) The CCK-8
assay of HUVEGs treated by ETV2 conditioned medium with or without a-KG or I0X4 (F) The protein expression of PHD2, HIF-1a, and VE cadherin in HUVECs
treated by ETV2 conditioned medium with or without a-KG or I0X4 (G, H) The statistical analysis of node numbers and relative migration rates in C and D (I)
Macroscopic images and size analysis of resected Matrigel plug (J) Representative images and neovascularization region statistics of immunofluorescence labeling
CD31 in Matrigel plug. The areas exhibiting positive staining are denoted by the white arrows. Scale bar: 100 pm (K) Schematic illustration of mechanism of
vascularization (NC, negative control; OE, overexpression. Data are presented as the mean of >3 independent experiments +SD. *P < 0.05, **P < 0.01, and ***P
< 0.001).
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distribution of hydroxyapatite crystals and collagen in the natural bone
structure [42]. Atomic force microscopy analysis measured the elastic
modulus of HA/CS MS as 147 + 23.6 MPa (Fig. 6F).

To assess the biological properties of HA/CS-MS, the CCK-8 assay
was employed to evaluate cell proliferation and cytotoxicity. The results
demonstrated no significant differences in cell proliferation after 1, 3, 5,
and 7 d of co-incubation with the material compared with that of the
control (Fig. 6H). Live-dead staining verified that DPSCs adhering to the
material displayed normal proliferation from days 1-7, with less number
of dead cells observed, indicating the excellent biocompatibility of HA/
CS-MS (Fig. 6I). Furthermore, to investigate whether the surfaces of the
microspheres interfered with osteogenic differentiation, immunofluo-
rescence staining for RUNX2 and OSX was conducted on adherent DPSCs
after 7 d of osteogenic induction. The results demonstrated that
adherent DPSCs exhibited normal RUNX2 and OSX expression, indi-
cating their successful differentiation into the osteogenic lineage
(Fig. 6J). Compared to well-plate cultures, qRT-PCR and Western blot
results indicate that cells adhered to the microsphere surface exhibit
higher expression levels of osteogenic genes at both mRNA and protein
levels (Fig. 6K and Fig. S5B, C). These results imply that HA/CS MS
contribute to an enhanced osteogenic differentiation of ETV2-DPSCs. In
summary, the utilization of microfluidic technology allows for the pre-
cise and controlled fabrication of HA/CS-MS, featuring a biomimetic
nanofiber structure and excellent bioactivity.

3.7. ETV2-DPSCs/MS accelerates the recovery of critical-size bone
defects in vivo

The highly vascularized layers of the calvaria, as verified using high-
resolution confocal images, encompass intricate networks of superficial
reticulated skull vessels, penetrating vessels, and bone marrow sinusoids
in the deeper layers of the skull [43]. Moreover, compared to the tooth
extraction model, the calvarial defect model had fewer confounding
factors affecting bone regeneration. Therefore, the critical-size calvarial
defect model serves as a suitable platform for studying vascularized
bone regeneration and has been extensively employed in numerous
studies to assess the osteogenic and angiogenic properties of scaffold
materials [44,45]. To evaluate the therapeutic effects of ETV2 on vas-
cularized bone regeneration, we pre-differentiated a complex composed
of microspheres loaded with transfected DPSCs for 7 d in vitro, ensuring
osteogenic lineage commitment, and subsequently implanted it into a
rat calvarial defect model (Fig. 6A).

To evaluate the in vivo safety of the composite, we initially per-
formed inflammatory marker testing three days after material implan-
tation. ELISA results indicated no significant differences in IL-6 and TNF-
a levels among the groups compared to the control group (Fig. S6A).
Following four weeks of material implantation, macroscopic images and
H&E staining of vital organs revealed no apparent changes in
morphology and structure (Fig. S6B, C).

Micro-CT is an exceptionally non-invasive method for quantitative
assessment of bone tissue healing. Post four weeks, we conducted a
three-dimensional reconstruction to evaluate the recovery of bone de-
fects using micro-CT. The initial defect area with 5 mm diameter is
indicated by an orange circle. From the reconstructed calvarial images,
it is evident that the ETV2-DPSCs/MS group exhibited greater miner-
alized bone accumulation and the highest bone repair efficiency
compared with those of the other groups, as observed in both the
sagittal, top, and bottom views (Fig. 7A). In all the groups, a trend of
defect repair was observed progressing from the periphery to the center.
The ETV2 group displayed bone connections extending from the com-
plex to the periphery, resulting in the formation of a continuously larger
bone. Conversely, only sporadic bone regeneration was observed at the
edges of the defect in the Blank and MS groups (Fig. 7A), indicating that
neither the intrinsic self-healing capacity nor the microspheres alone
could effectively repair critical-size bone defects (see Fig. 8).

In addition to the qualitative findings, quantitative analysis of bone
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microparameters revealed significant differences. The ETV2-DPSCs/MS
group had a mean percentage of BS/TV of 3.91/mm =+ 0.50/mm, which
was 2.3 times greater than the MS group (Fig. 7B). Furthermore, the
ETV2-DPSCs/MS group exhibited the highest values for BV/TV at
16.43% + 1.05% and BMD at 0.90 g/m> + 0.01 g/m?3, signifying bone
regeneration with greater volume and intensity (Fig. 7B). Trabeculae are
essential for supporting hematopoietic functions in the bone marrow
cavity and play a crucial role in bone regeneration. The ETV2-DPSCs/MS
group displayed a higher Tb. Th (Fig. 7B), indicating a more significant
anabolic effect than bone catabolism [18].

Histological evaluation supported these radiological findings. In the
blank group, H&E staining revealed that the defect area was covered
with a thin, soft tissue, and almost no novel bone formation was
observed around the microspheres in the MS group. In the NC-DPSCs/
MS group, some bone formation occurred around the microspheres;
however, was separated by fibrous tissue. Although the incorporation of
DPSCs improved MS osteogenic potential to a certain extent, the prev-
alence of fibrous tissue in the defective area indicated insufficient
osteoinductivity. Conversely, the ETV2-DPSCs/MS group displayed a
substantial amount of novel bone around the microspheres with bone
bridge formation. Importantly, the functional blood vessels were uni-
formly interspersed in the novel bone tissue (Fig. 7C). Similarly, Mas-
son’s trichrome staining revealed a higher amount of red-stained
collagen around the microspheres in the ETV2-DPSCs/MS group than
that in the other groups, indicating more mature novel bone formation
(Fig. S7A).

To ascertain whether ETV2-DPSCs/MS promoted the rapid formation
of a vascular network and osteogenesis by stabilizing hypoxic signals in
a rat critical-size calvarial defect model, specimens were collected 3
d post-surgery. Immunofluorescence staining was conducted for the
osteogenic makers, vascular marker, and HIF-1a. Compared to the MS
and NC-DPSCs groups, the ETV2-DPSCs/MS group exhibited highest
percentage of RUNX2" cells (Fig. 7D-H) and OSX™" cells (Fig. S7B, E).
CD31 immunofluorescence revealed a larger number of neovasculatures
around the microspheres in the ETV2-DPSCs/MS group (Fig. 7E-I),
suggesting that ETV2-DPSCs created a unique pro-angiogenesis niche.
Furthermore, the ETV2-DPSCs/MS group exhibited rapid activation of
the HIF-1 signaling pathway with high expression of HIF-1a (Fig. 7F-J)
and inhibition of PHD2 (Fig. S7C, D).

To further validate osteogenesis at four weeks post-surgery, specific
osteoblast markers Collagen I and OPN, were detected through immu-
nofluorescence staining. A larger area of positive staining for OPN and
Collagen I was observed (Fig. 7G-K, L), indicating the enhanced osteo-
genic activity of ETV2-DPSCs. Moreover, the positively stained cells
were predominantly located at the edges of the microspheres and novel
bone, suggesting that the transplanted DPSCs survived and differenti-
ated into osteoblast lineage cells, contributing to novel bone deposition
in the osteoblast niche. In general, our results indicate that ETV2-
DPSCs/MS have a beneficial therapeutic effect on the rapid regenera-
tion of vascularized bone in vivo.

4. Discussion

Emerging evidence has demonstrated that metabolic reprogramming
is a significant factor in promoting osteoblast differentiation, indepen-
dent of diverse signaling pathways and gene expressions [46].
Osteoblast-related cells are known for their energy-intensive metabolic
activities and previous studies have highlighted the decisive role of
energy metabolism in the antagonistic processes of osteogenic and
lipogenic differentiation [10]. Metabolic decline caused by mitochon-
drial structural damage plays a crucial role in stem cell dysfunction
associated with diseases, including bone aging, osteoporosis, rheuma-
toid arthritis, and osteoarthritis [47-49]. Targeted stem cell-based
metabolic modulation demonstrates promise in alleviating these pa-
thologies and achieving bone regeneration [50]. In this study, we
observed that ETV2 is a key metabolic reprogramming transcription
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Fig. 7. ETV2-DPSCs/MS accelerate recovery of rat critical-size bone defect by rapid activation of HIF-1 signaling (A) Representative images of the three-
dimensional reconstruction of rat calvarial defects using micro-CT at four weeks post-surgery. The orange circle outlines the 5 mm-diameter initial defect range.
(B) Quantitative analyses of BMD, BV/TV, BS/TV, and Tb.Th (C) H&E staining of the defect area. The black arrow indicates neovasculars. Scale bar: 200 pm (D)
Representative images of immunofluorescence labeling RUNX2 in tissue sections of defect area at 3 d post-modeling. Red arrows indicate RUNX2" cells. Scale bar:
200 pm (E) Representative images of immunofluorescence labeling CD31 in tissue sections of defect area at 3 d post-modeling. Red arrows indicate novel blood
vessels. Scale bar: 200 pm (F) Representative images of immunofluorescence co-staining ETV2 (red) and HIF-1a (green) in tissue sections of defect area at 3 d post-
modeling. Scale bar: 200 pm (G) Representative images of immunofluorescence co-staining OPN (green) and Collagen-1 (red) in tissue sections of defect area at four
weeks post-modeling. Scale bar: 200 pm (H-L) Quantification of the proportion of RUNX2™ cells, neovascularization region, HIF-1a™ cells, OPN™ area, and COL-1"
area. (MS, microsphere; NB, novel bone; F, fibrous tissue; and NC, negative control. Data are presented as the mean of >3 independent experiments +SD. *P < 0.05,

**P < 0.01, and ***P < 0.001).
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factor. We unveiled a substantial boost in energy metabolic orchestrated
by ETV2 through two distinct mechanisms: the augmentation of
anaerobic glycolysis driven by HIF-1a and the enhancement of aerobic
respiration achieved by safeguarding mitochondrial function. These
results jointly formed the basis for the proosteogenic effect of ETV2.
HIF-1a is a potential osteogenesis and angiogenesis regulator, yet the
specific molecular mechanism and activation mode underlying its
function have remained obscure [15]. Deferoxamine (DFO), a classical
HIF-1a activator, can inhibit PHD2 by competitively binding Fe?* [51].
Several studies have demonstrated that strategies combining materials
with DFO coordinate the synergistic development of bone and vascular
regeneration [18,52]. However, the potential drug toxicity has raised
concern. Here, we demonstrated that ETV2 initiates HIF-1 signaling by
suppressing PHD2 transcription and promoting osteogenic
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differentiation through endogenous VEGFA expression. The unique
microenvironment with reduced o-KG from ETV2-DPSCs activates the
hypoxia signaling pathway in endothelial cells by PHD2 dysfunction,
consequently triggering migration-induced angiogenesis. These findings
suggest that ETV2 acts as an effective factor coupling of osteogenesis and
angiogenesis by regulating the HIF-1 signaling, showcasing potent po-
tential for vascularized bone regeneration. The mammalian skeletal
system is intricately innervated by both neural and vascular networks.
Collaboration between the nervous and vascular systems plays a crucial
role in shaping the microenvironment for bone tissue development and
regeneration [53]. DPSCs have been verified to possess the potential to
differentiate into neuronal cells [54]. Given the high metabolic activity
required for neural cell development, the possibility whether ETV2 can
mediate the differentiation of stem cells into both osteogenic and
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neuronal lineages and induce vascular reconstruction by modulating the
local microenvironment, and thus achieve comprehensive functional-
ized bone tissue regeneration, will be further investigated in future
studies.

Scaffold materials are critical for optimizing bone tissue engineering.
The microsphere scaffold with biomimicking nanostructure enable
support excellent cell binding, metabolic activity, specific differentia-
tions, and reconstruction of the stem cell niche [21,22]. To take com-
plete advantage of the metabolic activity and microenvironmental
regulation of ETV2, we fabricated HA/CS MS using microfluidic tech-
nology. The chemical structure and crystalline state of nano-
hydroxyapatite closely resemble those of natural hydroxyapatite, and
chitosan replicates the structural characteristics of the extracellular
matrix of bone [40,55]. These two components simulate the inorganic
and organic compositions of natural bone and exhibit excellent histo-
compatibility and good degradability [23,56]. Moreover, in comparison
to conventional culture on well plates, the distinctive composition and
nanoscale surface of the microspheres further enhanced the osteogenic
differentiation of stem cells. This underscores their potential as excellent
carriers for bone tissue engineering. Ultimately, in a challenging
critical-size bone defect model, the synergistic combination of
ETV2-DPSCs and HA/CS MS facilitated the rapid regeneration of vas-
cularized bone, demonstrating outstanding in vivo safety. In the future,
microsphere composites could also serve as multifunctional scaffold
supplements combined with bone-conductive scaffolds with macro-
porosity to enhance bone regeneration [57].

5. Conclusion

Herein, we found that ETV2 functions as a key transcription factor
that promotes energy metabolism reprogramming and osteogenesis and
angiogenesis coupling. Specifically, ETV2 induces the stabilization and
functional activation of HIF-1a in DPSCs through targeted PHD2 inhi-
bition and the promotion of ERK1/2 phosphorylation and enhances
osteogenic differentiation of DPSCs by ETV2-PHD2-HIF1A-VEGFA axis.
ETV2 improved both aerobic respiration and anaerobic glycolysis,
meeting the prerequisites for effective differentiation. Alternatively, the
decrease in a-KG levels from ETV2-DPSCs initiates hypoxic signaling in
peripheral endothelial cells, leading to enhanced migration and vessel
formation. Additionally, HA/CS MS were engineered for efficient cell
delivery in vascularized bone tissue engineering. The HA/CS MS not
only possesses a biomimetic nanostructure but also contributes to the
reconstruction of the in situ niche and further enhanced the osteogenic
differentiation of DPSCs. Most significantly, HA/CS MS loaded with
ETV2-overexpressing DPSCs demonstrated a remarkable potential for
vascularized bone regeneration in critical-size rat bone defects. In
summary, ETV2 equips DPSCs with the capacity to enhance their energy
metabolism and orchestrate osteogenesis and angiogenesis. The com-
bination of ETV2-DPSCs with HA/CS MS offers promising prospects for
the clinical repair of critical bone defects.
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