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Abstract

Vascular endothelial cells (ECs) coordinate with osteogenic processes to establish the specialized
vasculature of bone tissue, where endothelial cells and bone cells interact, and bone cells regulate EC
proliferation and differentiation. However, it remains unclear how ECs and bone cells are
coordinated during early bone formation and whether these interactions differ between
endochondral ossification (e.g., femur) and intramembranous ossification (e.g., skull). To address this
question, we analyzed endothelial and osteogenic marker expression in the femur and skull between
postnatal days 3 and 39. We identified distinct expression patterns of endothelial markers
(Endomucin, VE-cadherin and CD31) and osteogenic markers (Osterix, Cbfal and BGLP) during
osteogenesis in these tissues. In the femurs, endothelial marker expression alternated with the
expression of osteogenic markers, suggesting potential reciprocal regulation. In contrast, in the skull,
endothelial and osteogenic markers exhibited similar temporal expression patterns without
alternation. We also analyzed the expression of VEGF and its receptor FLKI. In the femur, VEGF
expression paralleled osteogenic marker expression, whereas in the skull VEGF expression differed
from both osteogenic and endothelial marker patterns. Together, these results demonstrate that the
coordination of endothelial and osteogenic marker expression, as well as VEGF signaling, differs
between endochondral and intramembranous ossification, suggesting distinct modes of interaction
between endothelial and bone cells during the formation of long and flat bones.

Keywords: endothelial cells; differentiation; bone

Introduction

ECs and organ-specific cells communicate and coordinate to support normal growth and
development [1]. The formation of functional blood vessels is necessary for supplying nutrients,
facilitating exchange of oxygen, and transporting cells and signaling factors for systemic regulation.
ECs play a central role in this process by forming the inner lining of blood vessels and interacting
with surrounding cells to regulate angiogenesis and vasculogenesis [2]. Disruption of EC
differentiation during development can lead to developmental arrest or structural malformations,
and defects in EC function can impair tissue repair and regeneration [3].

Bone is a highly specialized organ in which blood vessels form a uniquely organized vascular
network that supports bone growth, remodeling, and mineral metabolism. In long bones, such as the
femur, the central, metaphyseal, and epiphyseal arteries extend into the bone and branch into
capillary networks that ultimately drain into veins returning blood to the central venous system [4].
In contrast, flat bones such as the skull exhibit a distinct vascular architecture in which large arteries
along the bone surface connect to a microvascular network within the bone marrow and perivascular
regions, forming specialized circulation within bone tissue [5]. These vascular networks are closely

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0101.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2026

associated with osteogenic cells, suggesting that endothelial and bone cells interact to regulate bone
formation and vascular development.

Bone formation occurs through two major processes: endochondral ossification, which forms
most long bones, and intramembranous ossification, which forms flat bones such as those of the skull.
Although both processes ultimately generate mineralized bone, they involve distinct cellular and
structural pathways during development. Increasing evidence suggests that vascular signals
influence osteogenesis and that osteogenic cells can in turn regulate endothelial cell proliferation and
differentiation [6]. However, it remains unclear how endothelial and osteogenic processes are
temporally coordinated during early bone formation and whether these interactions differ between
endochondral and intramembranous ossification.

Markers of endothelial identity, including Endomucin, VE-cadherin, and CD31, have been
widely used to characterize vascular development [3], whereas osteogenic markers such as Osterix,
Cbfal (Runx2), and BGLP (osteocalcin) reflect different stages of osteoblast differentiation and bone
formation [7]. In addition, VEGF signaling plays a central role in regulating angiogenesis and
vascular development and has also been implicated in coupling vascular growth with bone
formation.

In this study, we investigated the coordination between endothelial development and
osteogenesis during early postnatal development of long and flat bones. We analyzed the expression
of endothelial markers, osteogenic markers, and VEGF signaling components in the femur and skull
from postnatal day 3 to day 39. By comparing these two types of ossification, we sought to determine
how endothelial and osteogenic processes are temporally organized and whether distinct patterns of
coordination exist between endochondral and intramembranous bone formation.

Methods

Animals

Wild-type mice on a C57BL/6] background were obtained from The Jackson Laboratory. Mice
were maintained on a standard chow diet (Diet 8604, Harlan Teklad Laboratory) with free access to
food and water. All animal procedures were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication
No. 85-23, revised 1996) and were approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of California, Los Angeles.

RNA Analysis

Quantitative real-time PCR was performed as previously described [8]. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the internal control [9]. TagMan® Gene Expression
Assays (Applied Biosystems) were used to detect mouse Endomucin, CD31, VE-cadherin, Osterix,
Cbfal, BGLP, FLK1, and VEGF.

Statistical Analysis

Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test. Statistical
analyses were performed using GraphPad InStat® version 3.0 (GraphPad Software). Data are
presented as mean + SD. A P value < 0.05 was considered statistically significant. All experiments
were repeated at least three times.

Results

Expression of Endothelial and Osteogenic Markers During Early Development of Long Bone

To investigate how ECs coordinate with long bone formation, femurs were isolated from mice
between postnatal day (P)3 to 39. After removal of the bone marrow, we examined the expression of
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the endothelial markers Endomucin, VE-cadherin, and CD31. Real-time PCR analysis revealed a
distinct temporal pattern of endothelial marker expression characterized by two peaks during this
period. The first peak occurred at P12, while a second peak was observed at P24 (Figure 1a). All three
endothelial markers exhibited an initial expression peak at P12 and a second peak at P24. At P12,
Endomucin expression exceeded its level at P3, whereas VE-cadherin remained lower than their P3
levels (Figure 1a). We next examined the osteogenic markers Osterix, Cbfal, and BGLP. Osterix and
Cbfal displayed similar temporal patterns, with low initial expression, a sharp increase from P3 to
P12, a decline thereafter, and a second strong peak at P24 (Figure 1b). The expression pattern of BGLP
differed slightly, showing a dramatically higher second peak at P24 (Figure 1b). These results suggest
that the initial induction of transcription factors Osterix and Cbfal during the first peak may mark
the onset of osteogenic differentiation, whereas the strong induction of the bone matrix protein BGLP
during the second peak likely reflects accelerated bone matrix deposition and maturation.
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Figure 1. Expression of endothelial and osteogenic markers in femurs during early bone development.
Expression of endothelial markers (a) and osteogenic markers (b) in femurs from postnatal day P3 to P39,
analyzed by quantitative real-time PCR (n = 8). Statistical analysis showed that expression peaks from P6 to P39

were significantly different from P3 (P < 0.0001), while expression level of CD31 at P12 was no significantly
difference from P3.

To better visualize the relationship between endothelial and osteogenic marker expression, we
combined the expression curves from Figures 1a and 1b using arbitrary units (Figure 2). From P3 to
P6, osteogenic markers increased markedly with a mild delay in the induction of endothelial markers,
suggesting the initiation of tissue transformation and osteogenic differentiation. Between P6 and P18,
both endothelial and osteogenic markers showed coordinated waves of induction (Figure 2). Notably,
the early induction of osteogenic markers suggested that osteogenic processes may lead endothelial
responses during this stage of coordination. The duration of the second peak was similar for both

endothelial and osteogenic markers, suggesting a coordinated phase of vascular and skeletal
development during long bone growth (Figure 2).
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Figure 2. Expression patterns of endothelial and osteogenic markers in femurs during early bone development.

Comparison of the expression patterns of endothelial markers (Endomucin, VE-cadherin, and CD31, top) and
osteogenic markers (Osterix, Cbfal, and BGLP, bottom).

Expression of Endothelial and Osteogenic Markers During Early Development of Flat Bone

To examine how the ECs coordinated with flat bone formation, skull bones were isolated from
mice between postnatal day P3 and P39. The expression of the endothelial markers (Endomucin, VE-
cadherin, and CD31) and osteogenic markers (Osterix, Cbfal, and BGLP) was analyzed by real-time
PCR. In contrast to long bones, the endothelial and osteogenic markers in the skull were expressed
in similar temporal patterns (Figure 3a-b). From P3 to P6, both endothelial and osteogenic markers
increased sharply and reached their highest levels. Following this initial peak, the expression of most
markers declined but exhibited additional peaks around P15, P24, and P36 (Figure 3a-b).
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Figure 3. Expression of endothelial and osteogenic markers in the skull during early bone development.

Expression of endothelial markers (a) and osteogenic markers (b) in skull bones from postnatal day P3 to P39,

analyzed by quantitative real-time PCR (n = 8). Statistical analysis showed that expression peaks from P6 to P39
were significantly different from P3 (P <0.0001).

To better visualize the relationship between endothelial and osteogenic marker expression, we
combined the expression curves from Figures 3a and 3b using arbitrary units (Figure 4). The
combined analysis confirmed that endothelial and osteogenic markers exhibited closely aligned
temporal expression patterns during early stages of skull development (Figure 4). Unlike the pattern
observed in long bones, there was no early temporal shift between endothelial and osteogenic marker

expression in the skull (Figure 4). Instead, both groups of markers appeared to be induced
simultaneously during early bone formation (Figure 4).
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Figure 4. Expression patterns of endothelial and osteogenic markers in the skull during early bone development.
Comparison of the expression patterns of endothelial markers (Endomucin, VE-cadherin, and CD31, top) and
osteogenic markers (Osterix, Cbfal, and BGLP, bottom).

These results suggest that the coordination between vascular development and osteogenesis
during flat bone formation differs from that observed during long bone development, indicating that
endothelial-osteogenic interactions may be regulated through distinct mechanisms in
intramembranous ossification compared with endochondral ossification.

VEGFA-FLK1 Signaling in Endothelial-Osteogenic Crosstalk During Long and Flat Bone Formation

VEGFA plays a critical role in EC survival, proliferation, and differentiation, and is a key
regulator of angiogenesis. In many tissues, VEGFA is primarily produced by non-endothelial cells
and acts on VEGF receptors expressed by ECs to coordinate vascular development with tissue
growth. To investigate the potential crosstalk between ECs and bone cells during bone formation, we
examined the expression of VEGFA and its receptor FLK1 (VEGFR2) in femurs and skull bones from
postnatal day P3 to P39.

In the femurs, the expression pattern of VEGFA differed from those of both endothelial and
osteogenic markers. VEGFA initial expression was high, similar to that of Endomucin, followed by a
decline around P18 and a smaller secondary peak near P21 (Figure 5). In contrast, the expression
pattern of FLK1 closely resembled that of endothelial markers such as VE-cadherin and CD31 (Figure
5). These results suggest that VEGFA-FLK1 signaling may contribute to communication between
bone cells and ECs during long bone development.
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Figure 5. Expression of VEGFA and FLK1 in femurs during early bone development. Expression of VEGFA and
FLK1 in femurs from postnatal day P3 to P39, analyzed by quantitative real-time PCR (n = 8). Statistical analysis
showed that expression levels of FLK1 from P6 to P39 were significantly different from P3, while expression
levels of VEGF from P15 to P39 were significantly different from P3 (P < 0.0001).

In skull bones, VEGFA expression exhibited a distinct temporal pattern compared with that
observed in the femur. VEGFA levels decreased from initial high level from P3 to P9 (Figure 6). A
pronounced VEGFA peak was observed at P12, which occurred earlier than the second peaks of
endothelial and osteogenic markers (Figure 4). This early VEGFA surge may promote vascular
development and subsequent bone formation in the skull. As in the femur, the expression of FLK1 in

the skull tended to occur prior to VEGF (Figure 6), indicating that ECs remain responsive to VEGF
signaling throughout this developmental period.
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Figure 6. Expression of VEGFA and FLK1 in skull bones during early bone development. Expression of VEGFA
and FLKI1 in skull bones from P3 to P39, analyzed by quantitative real-time PCR (n = 8). Statistical analysis
showed that expression levels from P6 to P39 were significantly different from P3 (P <0.0001).

Together, these results suggest that endothelial differentiation is closely coordinated with
osteogenesis during bone development. However, the temporal patterns of VEGFA signaling and
endothelial-osteogenic interactions differ between long bone (endochondral ossification) and flat
bone (intramembranous ossification). These findings indicate that VEGFA-mediated signaling may

contribute to the coordination between ECs and bone cells through mechanisms that vary between
different modes of bone formation.
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Discussion

Long bones are formed through endochondral ossification, a process in which cartilage
templates are gradually replaced by mineralized bone [10]. In contrast, flat bones, such as those of
the skull, develop through intramembranous ossification, in which mesenchymal cells directly
differentiate into osteoblasts without a cartilage intermediate [10]. Previous studies have shown that
vascular invasion plays a critical role in endochondral ossification by promoting the replacement of
cartilage with bone tissue. During this process, three major stages of vascularization occur: initial
vascular invasion of the diaphysis, capillary invasion of the metaphysis, and vascularization of the
epiphysis prior to secondary ossification. In contrast, intramembranous ossification is thought to be
initiated more independently of early vascular invasion. In the present study, we identified distinct
temporal expression patterns of endothelial and osteogenic markers in the femur and skull during
early postnatal development. These findings suggest that the coordination between endothelial cells
(ECs) and bone cells differs between long bone and flat bone formation, likely reflecting the different
developmental requirements of endochondral and intramembranous ossification.

Recent studies have shown that ECs in bone can be classified into distinct subtypes based on the
expression of Endomucin and CD31. In particular, type H endothelial cells, characterized by high
expression of CD31 and Endomucin, are closely associated with osteogenesis and play an important
role in supporting bone formation. In contrast, type L endothelial cells, which express lower levels of
CD31 and Endomucin, are typically found in more mature vascular regions within bone tissue [6].
Consistent with these observations, we found that the expression of CD31 and Endomucin peaked
on postnatal day 12 in the femur and postnatal day 6 in the skull, coinciding with peaks in
osteogenic marker expression. The close temporal association between endothelial and osteogenic
marker expression supports the concept that vascular development and bone formation are tightly
coupled processes, as blood vessels provide essential nutrients, oxygen, and signaling factors
required for osteogenesis.

Interestingly, the temporal patterns of endothelial marker expression differed between the femur
and skull. In the femur, the expression of CD31 and Endomucin decreased after postnatal day 27,
suggesting a transition toward type L endothelial cells as bone development progresses. In contrast,
multiple waves of Endomucin expression were observed in the skull, including a peak around
postnatal day 36, when osteogenic markers were also elevated. These findings suggest that vascular
remodeling and endothelial-osteogenic interactions may occur in multiple waves during flat bone
development.

VEGFA is a key regulator of vascular development and angiogenesis. VEGFA activates its
receptor FLK1, which is primarily expressed in endothelial cells, to promote endothelial
differentiation and vascular growth[11]. Previous studies have shown that VEGFA is produced by
non-endothelial cells in bone tissue, including chondrocytes and osteogenic progenitors, where it acts
as a signaling molecule to coordinate vascular invasion with bone formation[12]. In this study, we
observed that FLK1 expression peaked prior to induction of VEGFA, suggesting that VEGFA
signaling may initiate or facilitate subsequent vascular and osteogenic processes. Moreover, the
temporal expression patterns of VEGFA differed from those of both endothelial and osteogenic
markers in the femur and skull. These observations suggest that VEGFA-mediated signaling may
occur during transitional phases between waves of vascular and bone growth.

The temporal expression patterns observed in this study suggest that endothelial and osteogenic
programs during bone development may be coordinated through oscillatory regulatory mechanisms.
In long bones, both endothelial and osteogenic markers exhibited distinct waves of expression
characterized by two major peaks during postnatal development. Notably, the early induction of
osteogenic transcription factors preceded or coincided with endothelial marker induction, while a
later coordinated peak corresponded to phases of active matrix deposition and vascular expansion.
Oscillatory regulatory systems are increasingly recognized as mechanisms for coordinating complex
biological processes. For example, feedback loops involving BMP ligands and their extracellular
inhibitors have been shown to generate oscillatory expression patterns that organize endothelial

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0101.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 April 2026

behavior during vascular growth, while the p53-Mdm?2 negative feedback system demonstrates how
oscillations can temporally orchestrate downstream cellular responses [13,14]. By analogy, the
repeated peaks in endothelial and osteogenic gene expression observed here raise the possibility that
bone formation may also be governed by feedback-driven oscillatory signaling networks that
coordinate angiogenesis with osteogenic differentiation. Such oscillatory regulation could provide a
mechanism to synchronize vascular expansion with the sequential phases of osteoblast
differentiation and matrix production during skeletal growth. Differences in temporal alignment
between endothelial and osteogenic markers in long versus flat bones further suggest that these
regulatory oscillations may be modulated according to the distinct developmental programs
underlying endochondral and intramembranous ossification. These findings support a model in
which periodic signaling interactions between vascular and osteogenic compartments contribute to
the dynamic coordination of bone growth and vascularization.

Together, our findings indicate that endothelial differentiation and osteogenesis are closely
coordinated during early bone development. However, the temporal patterns of endothelial-
osteogenic interaction differ between long bones and flat bones, reflecting the distinct mechanisms
underlying endochondral and intramembranous ossification. Manipulating VEGFA signaling or
endothelial cell populations in vivo may help determine how changes in endothelial subtype balance
influence bone growth and patterning. In addition, advanced imaging approaches such as three-
dimensional micro-computed tomography with vascular contrast agents could provide valuable
insights into the spatial dynamics of vascular invasion and remodeling during bone development.
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