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ABSTRACT

Adequate vascularization is an absolute requirement for bone development, growth,
homeostasis and repair. Endochondral ossification during fetal skeletogenesis is typified by
the initial formation of a prefiguring cartilage template of the future bone, that itself is
intrinsically avascular. When the chondrocytes reach terminal hypertrophic differentiation
they become invaded by blood vessels. This neovascularization process triggers the
progressive replacement of the growing cartilage by bone, in a complex multi-step process
that involves the coordinated activity of chondrocytes, osteoblasts, and osteoclasts, each
standing in functional interaction with the vascular system. Studies using genetically modified
mice have started to shed light on the molecular regulation of the cartilage neovascularization
processes that drive endochondral bone development, growth and repair, with a prime role
being played by VEGF and its isoforms. The vasculature of bone remains important
throughout life, as an intrinsic component of the bone and marrow environment. Bone
remodeling, the continual renewal of bone by the balanced activities of osteoclasts resorbing
packets of bone and osteoblast building new bone, takes place in close spatial relationship
with the vascular system and depends on signals, oxygen, and cellular delivery via the blood
stream. Conversely, the integrity and functionality of the vessel system, including the
exchange of blood cells between the hematopoietic marrow and the circulation, relies on a
delicate interplay with the cells of bone. Here, the current knowledge on the cellular
relationships and molecular crosstalk that coordinate skeletal vascularization in bone

development and homeostasis will be reviewed.



INTRODUCTION
During embryonic development, two distinct
mechanisms  are
establishment of the skeleton. The flat bones,
such as those of the skull,

responsible  for  the

develop via
intramembranous ossification. The long bones,
representing the majority of the bones of the
vertebrate body including those of the axial and

appendicular  skeleton, develop through
endochondral ossification [1,2]. In
intramembranous bone formation,

mesenchymal cells aggregate at the site of the
future bone and differentiate directly into
osteoblasts that deposit and mineralize the bone
matrix. In contrast, endochondral ossification is
typified by the initial formation of a cartilage
template of the future bone. Hence,
mesenchymal cells in the skeletal condensations
first differentiate into chondrocytes depositing
cartilage matrix rich in collagen type II (Col2).
The prefiguring cartilaginous structure is
gradually replaced by bone, involving the
coordinated  activity =~ of  chondrocytes,
osteoblasts, osteoclasts, as well as endothelial
cells. Indeed, the vasculature is crucial for the
progressive conversion of the cartilage scaffolds
into bones during endochondral ossification,
and each of the cell types involved in the
process stands in functional interaction with the
vascular system and in molecular crosstalk with
the endothelium.

Experiments in the 1960’s that induced physical
blockage of the bone’s blood supply, resulting
in reduced longitudinal growth, already proved
the importance of the vasculature to growing
bones [3,4]. More recently, researchers have
used genetic mouse models involving the Cre-
LoxP knock-in  and

technologies, temporal and/or tissue specific

system, transgenic

mutagenesis, to delete or activate candidate

genes of interest and define their function
within the skeleton. These studies provided
significant insight into the role, molecular
regulation, and cellular interplay  of
vascularization processes associated with bone
development, growth, repair, homeostasis and
disease. A central role emerged for the prime
angiogenic Endothelial

Growth Factor (VEGF); the various isoforms of

mediator Vascular
VEGEF altogether mediate vascularization at all
stages of skeletal development, play important
roles in bone homeostasis and disease, and may
have potential for therapeutic enhancement of

fracture healing, as summarized in this review.

MECHANISMS OF VASCULARIZATION

The formation of a mature blood vessel network
during fetal development occurs in several steps.
Initially, endothelial cells differentiate from
their mesodermal progenitors, angioblasts or
hemangioblasts, and assemble to form a
primitive vascular labyrinth. This process is
termed vasculogenesis. The nascent vascular
bed then further expands and remodels by
angiogenesis, a term designating predominantly
the mechanism of sprouting from pre-existing
blood vessels, to form highly branched conduits
supplying oxygen and nutrients to the rapidly
of the [5,6].

According to the current model of blood vessel

expanding tissues embryo
branching morphogenesis during angiogenesis,
distinct specialized endothelial cells termed
‘tip’, ‘stalk’ and ‘phalanx’ cells contribute to
the formation of vessel sprouts towards an
angiogenic stimulus. At the forefront of the
sprout, an endothelial cell is selected and
induced to become a tip cell leading the sprout
and extending numerous filopodia into the

tissue that is being invaded. The elongation of



the sprout relies on proliferation of endothelial
stalk cells, which trail behind the tip. The new
branch then connects with another branch via
tip cell fusion to form a vascular lumen
allowing initiation of blood flow and, hence,
tissue oxygenation. Further down in the branch,
endothelial phalanx cells with a stable quiescent
phenotype sense and regulate perfusion in the
Each of endothelial cell

phenotypes has a distinct molecular signature

vessel. these
that is transiently and plastically specified by

combinatorial signals and instructive cues
driving vessel branching, including signaling
via the Notch and VEGF pathways (see below)
[5.6].

Establishment of a functional vascular network
further requires maturation of newly formed
durable

distinguishable arteries, veins and capillaries.

vessels into vessels, with
This process, termed arteriogenesis, relies on
recruitment of peri-endothelial cells that
the endothelial

vascular wall, generally involving pericytes for

become organized around

smaller vessels and smooth muscle cells for
larger vessels. Stabilization of the nascent
plexus is completed by deposition of
extracellular matrix, induction of endothelial
quiescence, and tightening of cellular junctions
with high amounts of VE-cadherin in the
established vasculature (see [5,6]).

Angiogenesis

during adulthood 1is mostly

associated with pathological conditions, such as

cancer, wound healing and regeneration
processes including fracture healing [5-7].
Several of the mechanisms mediating

neovascularization in these conditions largely
those  that
embryogenesis [5,6].

recapitulate occur  during

Little is currently known about the basic

structural  features and the mechanisms
mediating the establishment of the vascular
system in bone. The functional importance of
the vasculature for bone development and
growth, though, is well recognized, particularly
regarding endochondral  bones. Early
experiments showed that blocking the bone’s
blood supply resulted in reduced longitudinal
[3.4].

represent a

growth Neovascularization processes

clearly crucial aspect of
endochondral bone development: the cartilage
intermediates that prefigure the long bones are
intrinsically avascular, and their conversion into
bone is indiscriminately coupled to the invasion
by blood vessels. In an ex vivo model, it was
shown that physical blockage of blood vessel
skeletal

explants completely halted their development

invasion into cartilaginous fetal
[8]. Neovascularization of cartilage appears to
determine not only the initiation but also the
cessation of longitudinal bone growth, as blood
vessel invasion into the epiphyseal cartilages at
the ends of the bone prompts the formation of
the secondary ossification center, heralding the
end of the longitudinal bone growth at puberty.
The vasculature remains crucial for bone health
through life; a decline in the performance of the
contribute  to

blood vessel system may

osteoporosis and failure to re-establish a
functional blood supply to sites of bone defects
is well known to critically hamper fracture
healing.

Although much remains to be learned about the
mechanisms of growth of the vascular beds
associated with developing and postnatal bones,
studies over the last decade have started to shed
light on the molecular regulation by identifying
VEGF as a prime player of vascularization in
bone, in line with its crucial angiogenic

function in many other tissues.



THE VEGF FAMILY: PROPERTIES AND
EXPRESSION IN BONE CELLS

VEGF-A (referred to as VEGF) was discovered
in the 1980’s [9-11] and all subsequent work
has increased its recognition as one of the most
powerful and critical mediators of angiogenesis
VEGF is

mitogenic for endothelial cells derived from

and vascular function. Firstly,
arteries, veins, and lymphatics in vitro, and
induces a strong angiogenic response in a
variety of in vivo models. Secondly, VEGF acts
as a survival factor for endothelial cells. Thirdly,
VEGF is chemotactic for endothelial cells and
increases endothelial expression of matrix-
degrading proteases, allowing migration. Lastly,
VEGF s

hemodynamics,

powerful  in  influencing

enhancing vascular
permeability and inducing vasodilatation (see
[7,12] and references therein). The essential and
strictly dose-dependent function of VEGF in
physiological vasculogenesis and angiogenesis
was exposed by the severe vascular defects and
with

inactivation of even a single VEGF allele.

early embryonic lethality of mice
VEGF also plays a central role in pathological
angiogenesis associated with various diseases,
including cancer; therapeutic targeting of tumor
vessels by blocking VEGF has become an

established anticancer strategy [5,12,6,7].

VEGEF is a 46 kDa glycoprotein that belongs to
a gene family that also includes a range of
homologous molecules termed VEGF-B, C, D,
E, and placental growth factor (PIGF). VEGF
functions as a dimer, binding to and activating
two tyrosine kinase receptors, VEGFR-1 (Flt-1)
and VEGFR-2 (KDR/Flk-1), which regulate
both

physiological and pathological

angiogenesis (Fig. 1). Despite the fact that
VEGF binds to VEGFR-1 with ~10-fold higher
affinity than VEGFR-2, it is mainly VEGFR-2
that mediates VEGF signaling in endothelial
[7,13]. VEGFR-2 is
endothelial tip, stalk and phalanx cells, but

cells expressed on
appears to induce distinct biological effects in
these cells. In tip cells, VEGFR-2 (and the co-
receptor neuropilin-1 (NRP1), see further) is
abundant on filopodia, which extend into the
direction of a VEGF gradient such as that
emanating from hypoxic cells, and induces
migration and vessel branching. In stalk cells,
which are exposed to lower VEGF signaling, a
mitogenic response is induced. The selected
induction of single tip cells in a sprout exposed
to VEGF is controlled by delta-like ligand 4
(DI114)/Notch signaling between the tip cell and
neighboring cells. High VEGF levels induce
strong expression of D14 by the tip cell; DIl4
activates Notch in the neighboring cells, which
results in downregulation of VEGFR-2, NRP1
and VEGFR-3, and upregulation of VEGFR-1
and soluble VEGFR-1 that may sequester
VEGF and function as decoy receptors. These
cells will consequently adopt a stalk phenotype
because the VEGF-induced migratory response
is minimized [5,6]. Once the new vessel branch
is formed and perfused, tissue oxygenation
lowers VEGF; maintenance of low VEGF
levels secures survival of quiescent phalanx

cells and vascular homeostasis [5,6].

Besides endothelial cells that are the primary
targets of VEGF, several other cell types
express VEGF receptors and respond to VEGF
signaling [7,13]. For instance, VEGFR-1 and
VEGFR-2 are
macrophages and hematopoietic stem cells;
VEGF

expressed in  monocytes,

induces migration of monocytes



(primarily via VEGFR-1) and exerts a variety of
effects on bone marrow cells and hematopoiesis
[7,13,14]. Overall, VEGF can promote or
modulate chemotaxis, proliferation,
differentiation, survival and/or activity of a
range of non-endothelial cell types, including
osteoblasts and osteoclasts (see below). While
in most circumstances VEGF functions as a
paracrine mediator, autocrine and intracrine
roles have been described as well, such as in the
survival of hematopoietic stem cells (HSCs)
and endothelial cells [14,15], and recently also
in the lineage specification and differentiation

of osteoblasts [16].

The VEGF-A gene, located on chromosome 6,
consists of 8 exons that can be subject to a
variety of differential splicing combinations
(Fig. 1). Hence, the gene encodes multiple
isoforms with variable exon contents and
differential properties and expression patterns.
At least seven alternative splicing variants
ranging from 121 to 206 amino acids have been
identified in humans; the most frequent and
best-studied ones are VEGF121, VEGF165 and
VEGF189 (the number representing the number
of amino-acids in the protein). Exons 1 to 5 are
present in all isoforms; these contain the motifs
that bind to VEGFR-1 and VEGFR-2 [17,7].
Hence, all VEGF isoforms can bind VEGFR-1
and VEGFR-2 (Fig. 1). In contrast, VEGF165
but not VEGF121 contains the domains that
mediate binding to the co-receptors NRP1 and
NRP2. NRP1, known also as receptors for the
semaphorin family implicated in neuronal
guidance, modulates the activation of VEGFR-2
mediated signal transduction. When co-
expressed with VEGFR-2, NRP1 enhances the

binding of VEGF165 to VEGFR-2 and

increases ~ VEGF165-mediated  chemotaxis
[17,7,13].

The differential splicing of the exons 6 and 7,
that encode basic domains, also determines the
affinity for heparin and bioavailability of the
isoforms (Fig. 1). VEGFI121 lacks both these
domains and fails to bind heparan sulfate-
containing proteoglycans on cell surfaces and in
the extracellular matrix; this renders VEGF121
freely soluble and diffusible. The longest
isoforms (VEGF189 and 206) contain both
exons, bind heparin with high affinity, and are
retained on the cell surface or sequestered in the
matrix after their secretion. VEGF165 only
lacks exon 6 and is less strongly bound to the
matrix, resulting in intermediate properties: part
of it diffuses, but a significant fraction remains
matrix-bound [17,7].
highly relevant to the angiogenic functioning of
VEGF, by defining its spatial distribution and

These properties are

local concentration. For instance, the diffusible
isoforms can radiate further from the site of
secretion (e.g. ischemic tissues) to reach
responsive cells (Fig. 1). On the other hand,
heparin-binding VEGF

patterning cues that control spatially restricted

isoforms  provide
blood vessel branching morphogenesis, by
balancing tip and stalk cell behavior [18,5].
They may also constitute a reservoir of VEGF
that can be released locally as bioactive
fragments by proteolytic cleavage, for instance
by plasmin or matrix metalloproteinases
(MMPs) [7]. Finally, heparin binding can
influence receptor binding characteristics and/or
growth factor stability [7]. Differential splicing
of the VEGF mRNA thus enables cells to
produce a combination of various isoforms, the
balance of which plays a crucial role in the
relative

regulation of angiogenesis. The

expression levels of the VEGF isoforms are



tissue-specific, possibly reflecting the relative
importance of specific isoforms in different

biological functions.

Several cell types in the skeleton express VEGF,

including chondrocytes, osteoblasts, and

osteoclasts. Studies of its expression and
function have extensively used mouse as a
model. The murine VEGF gene is quite similar
in size and structure to the human gene and
encodes spliced isoforms that are shorter than
their human orthologue by one amino acid; the
three major variants are consequently denoted
as VEGF120, VEGF164 and VEGF188. In
bone, the most dominant isoform appears to be
VEGF164, followed by VEGF120; VEGF188 is
expressed at very low levels [19]. While the
function of VEGF is to

angiogenesis, its actions are not exclusive to

prime induce
endothelial cells. In the bone environment,
mesenchymal progenitor cells and osteoblasts,

as well as osteoclasts and their monocyte

precursors, express VEGF receptors and
respond to VEGF signaling by enhanced
recruitment, differentiation, activity and/or

survival (reviewed in [20]). In addition, an
intracrine function for VEGF in osteoblast
described,

determining lineage specification (osteoblastic

lineage cells was recently

versus adipocytic) [16]. These pleiotropic
effects of VEGF may be key to its coordinative
role in the orchestration of complex biological
processes in  skeletogenesis and  bone
homeostasis. Detailed elucidation of the in vivo
significance of these nonvascular effects of
VEGF is however difficult, given the challenges
of uncoupling its angiogenic effects from direct
responses of the bone cells proper.

In general as well as in the skeleton, the actions

of VEGF are highly dose-dependent and its

physiological levels must be under very strict
control mechanisms. Although the fine details
of the regulation of VEGF expression in the
skeleton in vivo are still largely unresolved and
may vary depending on the developmental stage
and specific location and cell type, several
mechanisms have been implicated to date; these
include  hypoxia  signaling [21] and
transcriptional activity by Runx2 [22] and
SP7/Osterix (Osx) [23]. Also a variety of osteo-
hormones  (e.g.
hormone (PTH), growth hormone,
1,25(OH)2D3) and locally produced growth

factors (e.g. fibroblast growth factors (FGFs),

modulating parathyroid

transforming growth factor-f (TGF-B), bone
morphogenetic proteins (BMPs), insulin-like
growth factors (IGFs), platelet-derived growth
factor (PDGF)) can regulate VEGF expression,

at least in vitro (see [20]).

of VEGEF-
mediated angiogenesis in bone growth was first
shown by the partial inhibition of VEGF
activity in juvenile (24-day-old) mice, via

The physiological importance

administration of a soluble VEGFR-1 chimeric
protein (mFIt (1-3)-IgG or sFlt-1). Vascular
invasion of the growth plate became impaired,
associated with inhibition of endochondral
ossification [24]. Further studies using a variety
of genetically modified mice [25,19,26-29]
univocally established that VEGF and its
isoforms act as key inducers of the fundamental
skeletal vascularization events and as direct
thereby

synchronizing vascular and nonvascular aspects

modulators of bone development,
of the complex tissue morphogenesis program.
In the next few sections, the data on the role and
regulation of angiogenesis over the course of

bone development and growth will be reviewed.



NEOVASCULARIZATION OF
CARTILAGE: KEY INDUCER OF THE
CARTILAGE-TO-BONE CONVERSION
IN SKELETAL DEVELOPMENT

Cartilage neovascularization processes during
endochondral bone development

The conversion of avascular cartilage anlagen
into highly vascularized bone and marrow
tissues is initially triggered by the invasion of
blood vessels into the hypertrophic chondrocyte
core of fetal skeletal elements (around E14 in
mouse limbs) (Fig. 2, left). These vessels come
from the soft tissue surrounding the cartilage,
the perichondrium, where they accumulated
adjacent to the central diaphyseal portion of the
bone model. Neovascularization of the cartilage
intermediate is associated with its decay, by
coinciding apoptosis of terminally differentiated
chondrocytes, matrix digestion by proteolytic
enzyme activity, and resorption of calcified
cartilage spicules by invading osteoclasts or
chondroclasts. These processes lead to the
generation of a cavity that rapidly becomes the
site of bone formation as osteoblasts populate
the region: the ‘primary ossification center’
[1,2].

At the proximal and distal edges of this cavity,
the chondro-osseous junctions remain sites of
with
metaphyseal bone (Fig. 2, middle), the basic

continual replacement of cartilage
cellular mechanisms of which largely reiterate

those mediating the earlier events: the
hypertrophic chondrocyte zone of the growth
plate is invaded by capillaries progressively
emanating from the metaphyseal and nutrient
arteries, and are eradicated. The leftover
calcified cartilage spicules function as scaffolds

for osteoblasts depositing mineralized bone

matrix, establishing the spongiform trabecular
bone network inside the shafts of the long bones.
This ‘primary spongiosa’ first consists of
woven bone and is subsequently remodeled and
strengthened into the lamellar ‘secondary
spongiosa’ by the actions of both osteoclasts
and osteoblasts [1,2].

Thus, both the initial formation of the primary
ossification center and progressive
endochondral bone formation at the growth
of (i)

cartilage

plate involve rigorous coupling

chondrocyte = maturation,  (ii)
neovascularization, (iii) osteoclast recruitment
and matrix remodeling, and (iv) osteoblast
differentiation and activity. Considerable
progress has been made in elucidating the
complex molecular crosstalk regulating these
cellular interactions and their temporal-spatial

sequence in skeletal development.

Matrix-binding VEGF

cartilage neovascularization to its resorption

isoforms  couple
during endochondral bone development

Different stages of cartilage neovascularization
may well involve different vessel systems and
mechanisms of vascular growth, but vascular

invasion of cartilage is at all times preceded by

chondrocyte hypertrophy. Hypertrophic
chondrocytes produce several angiogenic
stimulators, including VEGF [30]. VEGF

inhibition in fetal limb explants developing ex
vivo (under the kidney capsule of adult mice)
blocked the

neovascularization of the cartilaginous bone

completely initial
anlagen [8]. In vivo, administration of sFlt-1 to
juvenile mice impaired vascular invasion of the
growth plate and led to enlarged hypertrophic
chondrocyte zones and reduced trabecular bone
formation [24]. Thus, hypertrophic cartilage
favors, in a VEGF-dependent way, its own



vascular invasion and decay and the
replacement by bone. This action of VEGF, like
many others, is highly dose-dependent. Deletion
of a single floxed Vegfa allele using Col2-Cre
mice led to an increased hypertrophic
chondrocyte growth plate zone and reduced
bone lengthening in the
[25],

phenotype obtained by decreasing the levels of
VEGF protein through
While these studies provided proof that
threshold levels of VEGF are essential to

mediate vascular invasion of growth plate

heterozygous

conditional mutants resembling the

sequestration [24].

cartilage, subsequent genetic models established
that specific isoforms of VEGF function in this
process [19,26,28]. Mice engineered to express
only a single VEGF isoform, quantitatively
matching the level of the overall VEGF
expression (all three isoforms) in control
littermates, revealed that neither VEGF120 nor
VEGF188 alone could provide the signals
required for timely and adequate cartilage
neovascularization and bone growth [19,26,28].
Mice expressing selectively the VEGF164
isoform (VEGF164/164 mice, carrying two
alleles of a knock-in construct replacing the
endogenous VEGF gene by the VEGF164
cDNA sequence) could not be discriminated
from their wild-type littermates at any stage
[26]. This is in line with the idea that the
specific combination of properties of VEGF164
endows this isoform with the most optimal
characteristics of bioavailability and biological
[7]. In

neovascularization of the cartilage anlagen and

potency contrast, the initial
establishment of the primary ossification center
in  VEGF120/120
(expressing exclusively the soluble isoform
VEGF120) and in VEGF188/188 embryos (in

which  only the

was delayed embryos

matrix-bound  isoform

VEGF188 is produced). Newborn
VEGF188/188 mice showed no defects in the
blood vessel invasion at the growth plate, in the
resorption of the hypertrophic cartilage, or in
the formation of mineralized bone in the
metaphysis [26]. These features were, however,
all  significantly impaired in perinatal
VEGF120/120 mice [19,28], similar to the
models of decreased overall VEGF [24,25].
Altogether, these findings thus imply that
vascular invasion of hypertrophic cartilage at
both an early and later stage of endochondral
ossification requires sufficiently high levels of
the matrix-binding isoforms VEGF164 and
VEGF188, functioning in specific ways that
VEGF120 cannot compensate for.

Similar to the phenotype seen in models of
partial VEGF deficiency or lack of the heparin-
binding VEGF isoforms [19,28,25,24], mice
MMP-9
hypertrophic

lacking showed a lengthened

cartilage  zone,  impaired
vascularization at the growth plate and delayed
MMP-9

osteoclasts at the chondro-osseous junction and

ossification [31]. is produced by

involved in the degradation of cartilage
components [31,32]. The model thus appeared
that upon the abundant secretion of VEGF by
hypertrophic chondrocytes, the longer VEGF
isoforms bind to the heparan sulfate-rich matrix
and become sequestered in the cartilage. One
such heparan sulfate proteoglycan may be
perlecan, as blood vessel invasion was blocked
in mice lacking perlecan despite upregulated
expression of VEGF [33]. Trapped VEGF is
released during cartilage resorption, when
extracellular matrix molecules are degraded by
proteases such as MMP-9, providing a system
of regulated VEGF bioavailability concentrated

in gradients emanating from the terminal



hypertrophic cartilage (Fig. 2). Hence, this
model can explain the directional recruitment of
the expanding vasculature towards the border of

the
longitudinally along the cartilage septae of the

growth plate, with vessels running
chondrocyte columns. The soluble, randomly
diffusing VEGF120 isoform by itself cannot
create the correct directional cues along which
angiogenesis is induced; in bone and other
organs, capillary growth in the presence of only
the VEGF120 isoform leads to tortuous, dilated

and disorganized vessels [34,19,18].

The model that mechanisms of matrix-binding
and extracellular proteolysis regulate the VEGF
activity reflects the tight coordination and
of

resorption

functional  interdependence cartilage

neovascularization and during
endochondral ossification. While MMP-9 action
is required for the release of VEGF from the
cartilage matrix, VEGF conversely is important
to attract the osteoclastic resorptive cells that
express MMP-9, both during the formation of
the primary ossification center and during
growth plate ossification [35,24,19]. A question
thus remains as to how these cells are initially
Likely,
mononucleated cells of hematopoietic origin,
the of

neovascularization (the perichondrium and the

recruited. osteoclast  precursors,

are  brought into region
chondro-osseous junction at the early and late
stages, respectively) via the blood stream. The
cells can be locally stimulated to differentiate to
multinucleated osteo(chondro)clasts,
influence of RANKL
produced by osteoblast lineage cells in the
by
chondrocytes in the growth cartilage [36,37], as
well as via VEGF itself, as VEGF can also

regulate osteoclastogenesis via nonvascular,

mature
possibly under the
and/or

perichondrium hypertrophic

10

direct actions [38-40]. Similar  to
monocytes/macrophages, derived from common
progenitors, osteoclasts predominantly express
VEGFR-1 and are chemo-attracted to VEGF.
VEGF can also directly enhance the resorption
activity and survival of mature osteoclasts, and
regulate  osteoclastic  differentiation  and
function [20].

Of note, other cell types than osteoclasts likely

contribute to cartilage degradation during

endochondral ossification. MMP-9 is not
exclusively expressed by osteoclasts, and
MMP-13 produced by hypertrophic

chondrocytes and osteoblasts also plays a

crucial role in cartilage turnover during

[41,32]. The

vasculature itself may be a prominent candidate

endochondral bone growth
to participate in the process of cartilage
turnover. Endothelial cells express resorptive
enzymes and have been suggested to direct
apoptotic signals to terminal hypertrophic
chondrocytes [7,30]. Perivascular cells termed
‘septoclasts’ may locate cartilage-degradative
activity to the vascular invasion front [42,43].
Experiments blocking osteoclastogenesis in
vitro and in vivo indicated that osteoclasts
themselves are not crucially needed for the
initial vascular invasion of cartilage and
primary ossification cavity formation [44].
Rather, as the only cell type capable of
resorbing calcified tissues, osteoclasts are
necessary to remodel the nascent woven bone
and remove the scaffolding calcified cartilage.
During longitudinal bone growth, resorption of
the transversal septae of calcified cartilage is
requisite to the gradual transposing of the
chondro-osseous junction, extending the length
of the diaphyseal bone shaft; the vertical
calcified cartilage spicules on the other hand,

are incompletely resorbed, leaving remnants



onto which osteoblasts adhere and deposit bone.
Several mouse models containing mutations in
that affect
consequently present with defective growth

genes osteoclast development

plate cartilage turnover and osteopetrosis

[45,46] [47].

Initiation of neovascularization in early
skeletogenesis

It is not fully clear what signal provides the
that the
of developing bones.

initial trigger launches
neovascularization
Genetic studies in mice have revealed that
fetal

perichondrial

several mutations affecting either

chondrocyte  differentiation,
development and/or early osteoblastogenesis,
are associated with impaired neovascularization
of the cartilage anlagen and a failure to timely
the primary

Examples include mice with either local or

develop ossification center.
complete inactivation of Thh, Runx2, Osx, or -
catenin (see below) [48-53]. Although it
difficult the

contributions of each of these aspects to the

remains to judge specific
vascular process — for instance given the fact
that VEGF expression itself is affected in
several if not all of these mutants — it does
appear that the initial invasion only takes place
provided that a permissive environment has
established,

orchestrated developmental

been requiring correctly
progression  of
chondrocyte differentiation and perichondrial
osteoblast differentiation. This is regulated by a
tightly coordinated molecular crosstalk between
the cell types involved, the details of which are
only beginning to be unraveled (Fig. 2).

A key role is played by Indian hedgehog (Ihh)
[2,54]. Thh is produced by the pre-hypertrophic
chondrocytes of the fetal cartilage, and signals

through the receptor Patched (Ptc) in adjacent

11

chondrocytic and perichondrial domains. Via a
negative feedback signaling pathway with
parathyroid hormone-related peptide (PTHrP),
Ihh regulates the pace of cellular differentiation
in the growth plate [2]. In addition, Ihh
regulates osteoblastogenesis and bone collar
formation in the perichondrium. Perichondrial
cells are thought to be bipotential osteo-
chondroprogenitors; Runx2, Osx, and canonical,
[-catenin-mediated Wnt signaling are essential
for the commitment of the mesenchymal
precursor cells to the osteoblastic lineage [55]
(Fig. 2). Committed osteoprogenitors or pre-
osteoblasts differentiate into mature osteoblasts,
increasingly expressing bone matrix proteins
including collagen type I (Coll), osteopontin
and osteocalcin. The mature osteoblasts deposit
and mineralize a bony structure around the
cartilage mold, the ‘bone collar’ (Fig. 2), which
forms the initiation site of the later cortical bone.
Ihh drives cells in the perichondrium into the
osteoblast lineage by stimulating the expression
of Runx2, the master transcriptional controller
of osteoblast differentiation [56,57,53]. As such,
Ihh coordinates the temporal-spatial coupling of
hypertrophic chondrocyte maturation with
perichondrial development, events that precede
and are requisite for vascular invasion of the
cartilage. In Thh-/- mice, no bone collar formed;
concomitantly, invasion of the cartilaginous
rudiment was impaired [53]. Conversely,
experiments in which Thh was genetically
misexpressed in cartilage showed ectopic bone
collar fragments being formed near sites of
ectopic Thh production, which was associated
with ectopic vascular invasion at multiple sites
along the immature cartilage [56,57]. Ex vivo
limb the

perichondrium had been removed, did not

cultured explants from which

develop a primary ossification center [8].



Runx2-/- and Osx-/- mice [50-52] and (3-catenin
conditional knockouts [48,49] showing a block
in perichondrial osteoblastogenesis, also display
a near-complete absence of vascular invasion
and primary ossification. It remains however
difficult to discern the specific role of correct
bone collar establishment, given that these
osteoblastogenic factors function in
chondrocytes as well and transcriptionally
regulate VEGF [22,23]. For instance, in Runx2-
/- mice hypertrophic chondrocyte differentiation
is impaired [22] and the vascularization defect
can be rescued by forced re-expression of
Runx2 in cartilage [58,55].

Altogether, these studies have begun to shed
light on the intertwined molecular regulation of
hypertrophic chondrocyte differentiation and
osteoblastogenesis, coupled to VEGF induction
and cartilage resorption (Fig. 2), processes that
all act in concert to guide the vasculature from
the perichondrium into the nascent shaft,

leading to primary ossification.

Neovascularization of endochondral bones is
associated with ossification

Neovascularization of cartilage is associated
with the formation of a central cavity that
quickly becomes the scene for osteoblastic
deposition of mineralized bone. Recent data
shed light on some of the cellular aspects
related to the osteogenic cell population of the
[44,8].

transgenic mouse models designed for lineage

primary ossification center Using
tracing of stage-selective osteogenic cells,
visualizing these cells in situ during skeletal
development, it was found that osteoprogenitors
(characterized by the early expression of Osx)
formed in the perichondrium, moved into the
nascent primary ossification center along with

neovascularization and decay of the cartilage
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template [44]. The cells

differentiated inside the bone center into mature,

subsequently

osteoblasts,
the

osteogenic stroma. In contrast, osteoblasts that

trabecular  bone-forming or

remained to contribute to immature
differentiated to osteoid matrix-producing cells
(characterized by Coll expression) already
while residing in the perichondrium did not
migrate into the bone to become trabecular
osteoblasts. Instead, these cells generated the
outer cortical bone. Thus, cells originating in
the fetal perichondrium provide the basis for the
bone-forming osteoblasts inside the bone shaft
of endochondral bones; and, the capacity of
osteogenic cells to translocate to (initiate novel)
sites of ossification appears specific to cells in
an early differentiation stage in vivo.
Intriguingly, throughout the translocation of
osteoprogenitors from the perichondrium into
the nascent bone center, they intimately
associated with the cartilage-invading blood
vessels, being wrapped as pericytes around the
endothelium or co-migrating along with the
neovascularization front. A similar co-invasion
of osteoprogenitors and angiogenic blood
vessels was observed during endochondral
healing of bone fractures [44]. The coinciding
movement of perichondrial osteoprogenitors
and blood vessels into developing bones may
possibly be explained by common chemo-
attractants, emanating from the degrading late-
hypertrophic cartilage matrix and directionally
the
Candidate secreted growth factors may include
VEGF, PDGF, PIGF, IGFs, and TGF-f, all

reported to be chemotactic for osteoblasts [59-

steering osteo-angiogenic  co-invasion.

61]. Alternatively and/or additionally, the key
to the tight coupling of angiogenesis and
osteogenesis may lie within the population of

perivascular osteoprogenitors. Perivascular cells



into

be
representatives of a skeletal stem or progenitor
[62-65]. of

osteoprogenitors and blood vessels may thus

the differentiate

functional

have potential to

osteoblasts and  may

cell population Association
offer a cellular explanation for the coupling of

(neo)-vascularization and  ossification, in
developing bones as well as beyond the fetal

stages [44].

RESISTING NEOVASCULARIZATION:

IMPLICATIONS OF CARTILAGE
DEVELOPMENT AND GROWTH AS
AVASCULAR TISSUE

As discussed above, neovascularization of

cartilage triggers the switch towards its decay
and replacement by bone tissue, built onto the
intermediary matrix laid down by chondrocytes.
In order for the scaffolding cartilage to obtain
the shape and size to outline the specific bone
that it prefigures, it must therefore remain
avascular during its modeling and growth. How
does cartilage manage to retain its avascular
status and at the same time safeguard in these
the

differentiate,

challenging conditions chondrocytes’

capacity to proliferate, and
produce large amounts of matrix to drive bone
growth? The that

provide answers to this question are beginning

regulatory mechanisms
to be revealed; while perhaps seemingly
contradictory, VEGF has essential roles in these
aspects of endochondral bone development as

well.

Vascular rearrangements in the limb bud

During the initial skeletal patterning stages in
embryogenesis, the precise arrangement of the
individual anatomic elements is defined. At the
sites where long bones will be formed,
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mesenchymal progenitors aggregate and form
high the

mesenchymal condensations, cells differentiate

cell density condensations. In
into chondrocytes under the control of the
transcription factor Sox9 and start to synthesize
an extracellular matrix rich in collagen type II

[1].

patterning during these early stages of limb

and specific proteoglycans Vascular
development is characterized by the formation
of a uniform vascular plexus in the limb bud
mesenchyme, likely involving mechanisms of
vasculogenesis and angiogenesis. This vascular
plexus undergoes major rearrangements at the
start of skeletogenesis, into a highly branched
and patterned network that is segregated from
the forming cartilaginous condensations [29,66].
Hence, the condensations emerge as avascular
areas from previously vascularized regions as a
result of vessel regression from the emerging
cartilage anlage. Surprisingly, this process is
regulated at least in part by VEGF, expressed
by the developing limb bud mesenchyme in
early skeletogenesis [29,66]. VEGF appears to
this

mechanism (without involvement of receptor

act in process via a long-ranging

signaling in the condensations proper), to
mediate the vascular rearrangement in the
[29]. It

conceivable that the diffusion properties of the

surrounding  tissue is therefore
various VEGF isoforms have an impact on the
patterning of the vascular system in the

developing limb.

Angiogenic inhibition in non-hypertrophic,
immature cartilage

As the mesenchymal condensations develop and
differentiate into cartilage, the tissue remains
strictly avascular. This is inherent to cartilage,
also seen in the later fetal and postnatal growth

plate. The concept that explains this is that



immature chondrocytes produce angiogenic
inhibitors that render them resistant to vascular
invasion. Indeed, a variety of anti-angiogenic
to be

in vitro and/or

factors were found secreted by

chondrocytes in specific
differentiation zones of the growth plate,
including thrombospondin,
chondromodulin-I ~ (ChM-I),  tenomodulin,
tissue-localized inhibitors of MMPs (TIMPs),

and others [67,30]. Such molecules are of

troponin,

substantial therapeutic interest as inhibitors of
angiogenesis in cancer and other diseases. The
physiological importance of these individual
molecules in endochondral bone development is,
however, not very clear. For instance, ChM-I
deficient mice are viable and show no overt
abnormalities in skeletal vascularization [68].
Possibly, redundancy among angiogenic
inhibitors and compensatory mechanisms may
explain why phenotypic manifestations have
been minimal in loss-of-function studies to date.
In addition to the expression of anti-angiogenic
also (a low level of) VEGF
the

chondrocytes of the growth cartilage [26,27].

molecules,

expression was noted in immature
Likely, this complex and temporally regulated
balance between angiogenic inhibition and
stimulation organizes the delicate vascular
rearrangements and selective spatial growth of
the beds the

endochondral skeleton.

vascular in developing

Vascular supply of epiphyseal cartilage and
invasion initiating secondary ossification

As a result of their persistent avascular status,
the cartilaginous anlagen and the fetal growth
plates of developing bones strictly rely on the
surrounding vasculature for gas exchange,
adequate nutrient supply and efficient removal

of waste products. Naturally, expansion of these
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growing and highly active cellular structures
must be coupled to the expansion of the
supplying vascular network. An elaborate
epiphyseal vascular network overlaying the
cartilaginous surface expands on the surface of
the cartilage mass and is critically required for
proliferation  and

chondrocyte  survival,

differentiation [4]. In early postnatal life,
vessels derived from this vascular network
invade the epiphyseal cartilage and initiate the
formation of the secondary ossification center
[69]. As a result, discrete layers of residual
chondrocytes form true growth ‘plates’ at each
end of the long bones, mediating further
longitudinal bone growth until the end of
adolescence, when the growth plates close and
growth stops [2,1]. Epiphyseal vascularization
and the establishment of the secondary centers
of ossification of long bones are much less
characterized than the sequence of events
leading to primary ossification center formation.
Soluble VEGF isoforms and membrane-type 1
(MT1)-MMP are among the few known
molecular signals implicated in these processes
(Fig. 2, right).

VEGF188/188 mice lacking soluble VEGF
displayed impaired vascularization surrounding
the epiphysis, associated with aberrant hypoxia
within the cartilage and massive apoptosis of
chondrocytes located in the center of the tissue,
i.e. those located furthest from the blood vessels
overlaying the surface of the cartilage [26].
Vascular defects and central chondrocyte death
was also observed in mice lacking VEGF (all
[70],
themselves

isoforms) conditionally

that

in cartilage
implicating chondrocytes
instruct the expansion of the epiphyseal
vascular network in coordination with the
growth of the avascular cartilage mass. Soluble

VEGF isoforms are critically required in this



function, presumably due to their ability to
diffuse to the surface of the cartilage [26]. Thus,
VEGF

vascularization in the perichondrial tissues

chondrocyte-secreted stimulates
surrounding the avascular cartilage, in order to
ensure sufficient oxygen supply to support
chondrocyte survival (Fig. 2). A direct survival
role of VEGF
furthermore contribute [26,27].

in chondrocytes could
Perhaps as a result of inadequate epiphyseal
vascular development, the formation of the
secondary ossification centers was impaired in
the VEGF188/188 While

remodeling is a spatial prerequisite allowing the

mice. matrix

tissue-penetration of blood vessels during
angiogenesis, the molecular control is region-
specific. Neovascularization and turnover of
cartilage is heavily dependent on MMP activity
to degrade collagens, aggrecan and other matrix

but different MMP family
are  required different

developmental stages and locations [32]. MMP-

constituents,
members at
9 and MMP-13 are of particular importance
during primary ossification and bone growth
(see before), whereas MT1-MMP plays a role in
epiphyseal vascular invasion and formation of
the secondary ossification centers [71]. MTI-
MMP

chondrocytes, osteoblasts and endothelial cells,

can be produced by osteoclasts,
and cleaves collagens type I and II, aggrecan,
gelatin, fibronectin and laminin, as well as some
other MMP’s, activating for instance MMP-2
and MMP-13 [32]. The detailed relationship
between the angiogenic and resorptive signals
in secondary ossification and the precise
mechanisms governing this process still need to
be clarified.

Survival of chondrocytes in the hypoxic

environment of cartilage
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From the above, one may assume that the
VEGF

coordinated with

levels in cartilage
the
expansion in the perichondrium; this appears to
be

mechanisms. As the cartilage mass grows

are closely

need for wvascular

regulated by cellular oxygen-sensing

progressively bigger during development,
oxygen diffusion fails to reach the deepest cell
supply the

Particularly

layers and centrally located

chondrocytes. these  cells
experience hypoxia [72]. Hypoxia is known
of VEGF

expression, by mechanisms involving at least in

generally as a major inducer
part the actions of hypoxia-inducible factor
(HIF) [73]; this is also true for chondrocytes,
osteoblasts, and osteoclasts [74,20,75,76].

HIF-1, a heterodimeric transcription factor
consisting of an o and [ subunit, is the main

mediator of the cellular adaptation responses to

hypoxia [73]. HIF-1p is constitutively
expressed, whereas HIF-la is regulated
according to the oxygen tension: when

sufficient oxygen is available, and the hypoxia-
adaptive actions of HIF-1 are unnecessary, the
HIF-1a protein is degraded. This is mediated
through the oxygen-dependent hydroxylation of
HIF-1a by a family of enzymes termed prolyl
4-hydroxylases (PHDs), which makes HIF-1a a
target for the E3 ubiquitin ligase Von Hippel-
Lindau (VHL). VHL binds HIF-1a and directs
its proteasomal degradation. When oxygen is
sparse, the HIF-1a protein is not hydroxylated
thus protected from VHL-mediated

degradation. As a consequence, in hypoxic

and

HIF-1o. can translocate to the
heterodimerize with HIF-1p and

associate with other co-factors to initiate its

conditions
nucleus,

transcriptional program. This program is
composed of a variety of pathways, the main

ones mediating (i) the activation of anaerobic



glycolysis, an oxygen-sparing measure as

compared with glucose oxidation via
mitochondrial respiration, and (ii) the induction
of angiogenesis and erythropoiesis (e.g. via
VEGEF and EPO, both direct downstream targets
of HIF-1), thus enhancing the effectiveness of
oxygen delivery to the hypoxic tissue [73].

In the avascular cartilage of developing
endochondral bones, both these actions of HIF-
lo are of crucial importance to ensure the
survival of the chondrocytes. Conditional
deletion of HIF-1a in limb bud mesenchyme or
in chondrocytes was shown to lead to massive
cell death of the centrally located chondrocytes
[72,77]. A similar phenotype was observed
upon inactivation of (diffusible) VEGF [26,27].
In each of these mutants, the areas of cell death
corresponded to the inner, most hypoxic regions
of the fetal growth plates. This suggested that
HIF-1a might mediate chondrocyte survival via
its transcriptional effect on VEGF. Hypoxia
indeed strongly increases VEGF accumulation
in chondrocytes, which appears to occur
primarily in a HIF-la-dependent manner, at
least in vitro [74]. Yet, the cell death phenotype
of cartilage lacking HIF-la could only be
partially rescued by transgenic expression of
VEGF [70]. The partial rescue phenotype
underscored that chondrocyte-secreted VEGF
primarily stimulates vascularization around the
cartilage, ensuring sufficient oxygen diffusion
to limit the degree of hypoxia experienced by
the central chondrocytes. In addition, it showed
that HIF-lo is also required in hypoxic
chondrocytes to switch on genes involved in
anaerobic metabolism, independently of VEGF.
In order to survive and differentiate in their
avascular environment, chondrocytes need to
adapt their cellular metabolism to the limited
availability  of

oxygen;  oxygen-sparing
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glycolytic pathways still allow them to generate
sufficient levels of energy (ATP) for survival
[78,70]. Thus, the HIF-VEGF duo is vital in
chondrocytes because of their roles in balancing

oxygen supply and consumption (Fig. 2).

ANGIOGENIC-OSTEOGENIC-
HEMATOPOIETIC COUPLING
POSTNATAL BONE

IN

Angiogenic-osteogenic coupling: regulation by
HIF/VEGF

Adult maintenance of bone is regulated by the
continual remodeling of existing bone into
newer bone, through the balanced actions of
osteoclasts and osteoblasts. Bone remodeling
compartments exist in close physical proximity
[79,80]. As

development, the vascular system contributes

with blood vessels during
essential functions to bone homeostasis in the
adult; these obviously include its intrinsic
function to supply oxygen, nutrients and growth
factors/hormones to the bone cells. The blood
vessels likely also serve to bring in precursors
of osteoclasts, to remove end products of the
resorption processes, and to mediate the entry
of osteoblast progenitors to bone formation sites
[1,44] (Fig. 3). The close spatial and temporal
of with

vascularization of the ossified tissue has been

association bone formation

acknowledged in a wide diversity of settings —
developmental, homeostatic, pathological and
orthopedic — and is nowadays conceptually
recognized as ‘angiogenic-osteogenic coupling’
[81,76,21].

Few molecular regulators of angiogenic-
osteogenic coupling have been identified to
date; the group of Thomas Clemens first
the prominent role

exposed played by



components of the hypoxia-signaling pathway
[82]. Manipulation of HIF in fully differentiated
osteoblasts  (using  osteocalcin-Cre-driven
conditional knockout mice) caused changes in
the bone volume that were directly proportional
to changes in the degree of vascularization:
mice with osteoblast-specific deletion of VHL,
considered a model of HIF gain-of-function by
the

degradation, expressed high levels of VEGF

inhibiting protein’s  oxygen-dependent

and developed extremely dense, heavily

vascularized  long  bones.  Conversely,
inactivation of HIF-1a led to reductions in the
bone and blood vessel volume [82]. Thus,
osteoblasts emerged as important regulators of
the coupling by sensing oxygen tension and
directing adjustments in skeletal vascularization
to meet their demands for optimal ossification
[81,76].

Elucidating further the molecular regulation of
angiogenic-osteogenic coupling bears
therapeutic potential for bone diseases and bone
regeneration. A recent study explored the
consequences of increased VEGF in adult bone,
using a genetic model of inducible, skeletal-
specific transgenic VEGF164 overexpression
[83]. Underscoring its role in angiogenic-
osteogenic coupling, temporal VEGF gain-of-
function induced a combined stimulatory
response of hyper-vascularization and increased
bone formation. However, the effects quickly
turned pathological as VEGF164 induction for
only two weeks resulted in severe osteosclerosis,
bone marrow fibrosis and hematological
of

hematopoietic cells to the circulation and spleen,

anomalies including mobilization
altogether resembling myelofibrosis-associated
bone disease [83]. These findings suggest that
of

angiogenesis and osteogenesis can be associated

altering the tightly coupled processes
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with hematologic alterations, possibly reflecting
disturbances in the hematopoietic niches that
exist in adult bone and marrow.

Hematopoiesis and the vascular and
osteogenic niches

Like bone remodeling, also hematopoiesis takes
place in the bone marrow cavity in postnatal life,
standing in critical interplay with the highly
vascularized local microenvironment (Fig. 3).
Two specialized compartments of the bone
marrow stroma have gained attention for their
roles in maintaining hematopoietic homeostasis,
the ‘vascular and osteoblastic niches’ (reviewed
in [84,85]).

The vascular niche constitutes a crucial aspect
of multi-lineage blood cell homeostasis by
providing the principle line of exchange of
hematopoietic cells between the site of their
maturation in the marrow and the systemic
circulation. But the bone marrow vasculature
with its specific sinusoidal vessels also provides
crucial support for HSCs. The most purified
HSCs, fractioned as
CDI150(+)CD48(—)CD41(—)Lin(—) cells, were
found in majority to be associated with the
sinusoidal endothelium lining of the marrow
vessels [86]. Co-culture studies supported a role
of endothelial cells in maintaining HSCs, but
endothelial cells isolated from different tissues
appeared to possess differing HSC supportive
abilities. The specific properties and signatures
of endothelial cells in the bone marrow
vasculature have only been partly characterized,
but it appears that these cells display a unique
spectrum of cell adhesion molecules under
homeostatic conditions, including E-selectin, P-
selectin, VCAMI1, and ICAMI, that in other
endothelial

inflammatory responses [84,85]. In addition,

cells only appear during



regions of the bone marrow vasculature produce
factors important for mobilization, and homing
of HSCs, such as CXCLI12 (also known as
stromal cell-derived factor (SDF)-1, ligand for
the CXCR4 receptor expressed on HSCs) [87],
and (Akt-activated) endothelial cells release a
specific set of stem cell active paracrine growth
factors, known as angiocrine factors, like FGF-
2, BMP-4, and angiopoetin-1 [88]. Further
research will be required to elucidate the
the
interaction between the endothelial cells of the

molecular ~ mechanisms  regulating
bone marrow vasculature and the hematopoietic
cells; currently, the view is that the vascular
niche promotes proliferation, differentiation of
actively cycling, and short-term HSCs [84,85].
Recent studies suggest that in addition to the
sinusoidal endothelium, primitive mesenchymal
cells residing in perivascular locations thereof,
including CXCL12-abundant reticular (CAR)
cells, CD146(+) cells, and Nestin-expressing
cells, may act as niches for HSCs [89,90,64].
These pericytic cells have the ability to
differentiate into osteoblasts, and therefore may
link the vascular and osteoblastic niches, and/or
couple angiogenesis to osteoblastogenesis by
providing a reserve pool of osteoprogenitors or
mesenchymal stem cells associated wit the
vasculature.

Whereas the vascular

environment for short-term HSC proliferation

niche provides an

and differentiation, the osteoblastic niche,
anatomically positioned at the endosteal bone
surface [91,92], is recognized as a reservoir for
long-term storage of quiescent or slow-cycling
HSCs. Correspondingly, only a small number of
HSCs reside in the endosteal niche, compared
with the vascular niche [85]. The functional
importance of osteoblasts to form a niche for
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HSCs was shown by in vivo studies modulating
the osteoblast number, revealing a direct role in
[93,94].
several cell-signaling

BMP-4,

(interacting with Notch-1 on hematopoietic

controlling the number of HSCs
Osteoblasts

molecules

express

such as Jagged-1
precursors) and angiopoietin-1 (interacting with
the receptor tyrosine kinase Tie-2, expressed by
HSCs), which are important for HSC self-
renewal, survival, maintenance and fate [84].

Several factors have been identified to regulate
HSCs homing and lodging in the endosteal
osteoblastic niche; osteoblasts influence the
adhesive characteristics of the niche and
interaction with HSCs via growth factor-
as well as

dependent contact-dependent

mechanisms, including cell-cell and cell-
extracellular matrix interactions (reviewed in
[84]). For instance, the osteoblastic matrix
glycoprotein osteopontin supports the adhesion
of HSCs to the osteoblastic niche. Osteoblasts
also produce membrane-bound stem cell factor
(SCF), which binds and activates c-KIT that is
highly expressed by HSCs and mediates
adhesion, migration and differentiation of
hematopoietic cells. HSCs may lodge in the
endosteum by direct attachment to osteoblasts
on the bone surface expressing a high level of
N-Cadherin, termed  ‘spindle-shaped  N-
cadherin+CD45— osteoblastic cells’ (SNO) [94],
although the importance of this mechanism is
still a matter of debate given that hematopoiesis
appears normal in (conditional) N-cadherin-

deficient mice [95] [96,97].

Despite the abundant vascularization in the
medullary cavity, the Haversian canals of the
cortical bone, and the periosteum, the bone

environment is relatively hypoxic. The oxygen

level decreases gradually towards the



endosteum, as a result of the relative distance
from the central marrow vasculature or due to
low blood perfusion. HSCs appear well adapted
to reside and survive in a hypoxic state,
particular the quiescent, long-term HSCs that
generate  energy mainly via anaerobic
(glycolysis)  [98].
signaling components and VEGF function in

metabolism Hypoxia
several aspects of HSC maintenance and
hematopoiesis, both intrinsically and indirectly
via the vascular and osteoblastic compartments
in bone (see [7,13,21] and references therein);
for instance, VEGF supports HSC survival via
autocrine intracellular signaling [14], and HIF-
by
expression of EPO in osteoprogenitors [99].

lo  regulates erythropoiesis inducing
Although much remains to be learned about the
interplay and molecular cross talk between the
vascular, osteogenic and  hematopoietic
compartments in adult bones, it is clear that
these insights will have important therapeutic
implications in several hematologic
malignancies. For instance, an increase in
vessel density in the marrow of patients with
that

activation of the vascular niche may contribute

leukemia was reported, suggesting

to disease progression [84]. Moreover, studies

n mice indicated that altered

(osteoblastic/stromal) microenvironment
signaling can lead to myeloid lineage diseases:
the

induced a myeloproliferative disorder [100],

perturbations in retinoblastoma  gene

inactivation of Dicer in osteoprogenitors caused
[101],

environmental Wnt

myelodysplasia and targeting

the
pathogenesis of myeloma [102]. Emerging

signaling affected

evidence also supports the influence of the
microenvironment on chemotherapy and drug

resistance [84].
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THERAPEUTIC POTENTIAL OF
MODULATING VASCULARIZATION IN
SKELETAL REGENERATION

Upon fracture of bone, the blood flow at the site
of the injury is disrupted, quickly leading to
blood clotting and hematoma formation. As a
consequence of the vascular damage, the
fracture site becomes hypoxic, likely triggering
expression of VEGF and other angiogenic
factors. VEGF is strongly increased locally in
the fracture hematoma and is also systemically
elevated in injured patients [103,104]. The
reestablishment of the vascular supply of the
healing tissue is crucial to the success of the
repair process ([105,104]). Failure to restore the
vascular network delays or impairs bone
healing, as prevalently associated with
advanced age and disorders such as diabetes.
The presence or absence of a functional
vascular bed may determine mesenchymal stem
cell fate decisions, such as the differentiation
along the chondrocytic or osteoblastic lineages.
Moreover, the vasculature can provide a conduit
for entry of osteoprogenitor cells in the callus
[44,63,106].

Fracture repair in the adult closely resembles
bone development and recapitulates several of
the main molecular pathways operating in fetal
life [107,105]. The regulatory genes controlling
embryonic chondrogenesis (e.g. Thh, PTHrP),
osteoclastogenesis and matrix resorption (e.g.
MMPs, osteoprotegerin (OPG), RANKL) and
osteogenesis (e.g. Runx2, osteocalcin), are all
re-expressed in a similar sequence during repair
of bone, and instructing growth factors such as
BMPs, FGFs, PDGF, and IGFs, are present in
the fracture callus [108,107,105]. As during

development, vascularization is a prerequisite



for ossification during bone repair and closely
associated with MMP-mediated turnover of the
cartilage intermediate in endochondral healing.
Inhibition of endogenous VEGF activity, by
sequestration or VEGF receptor blockade,
inhibited bone repair and resulted in non-unions
[109,110]. Disruptions in matrix remodeling
due to deficiency in specific MMPs also
resulted in delayed vascularization and bone
[111-113]. MMP-9

deficient mice showed defective repair of tibia

repair For instance,
fractures with formation of non-unions, and this
could be corrected by administration of
exogenous VEGF [112]. Angiogenic-osteogenic
coupling in repair may be similarly explained in
by of the

osteoprogenitor population via the vascular

part provision required
system. Sources of mesenchymal stem or
progenitor cells can be the periosteum or the
neighboring bone marrow [114]. Penetration of
the cartilaginous callus by blood vessels
wrapped with pericytic osteoprogenitors from
the periosteum was recently visualized in a
murine model of endochondral bone healing
[44]. The vasculature may further bring more
fracture-mobilized circulating mesenchymal

stem or precursor cells with osteogenic
potential to the region [63,106], and the
endothelium may enhance bone formation by
signaling osteogenic differentiation factors,
such as BMP-2 [115].

The effects

angiogenesis and bone

of VEGF
led

exploration of its potential use in bone repair

stimulatory on

formation to
and regeneration settings. Administration of
VEGF was
vascularity and accelerated bone healing
[109,110,104,116], particularly when supplied
in combination with BMPs [117,118]. VEGF is
currently being tested in therapeutic ways in a

found to result in increased
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plethora of preclinical models of bone repair,
and for its potential benefit in tissue engineering
[116]. Notably,
enforced in the in vivo use of this potent

strategies cautiousness is

vascular agent; for instance, mice over-
expressing VEGF temporally in the skeleton
(see above) revealed the risk of side effects in
the bone and marrow environment, including
disturbances in hematopoiesis [83]. Systemic
leakage may bear risks for adverse vascular
effects, as also suggested by preclinical pro-
angiogenic VEGF studies in cardiovascular
medicine [12]. Further in-depth analyses of the
mechanisms and regulation of angiogenesis
during fracture healing will undoubtedly help
providing new therapies for patients with failing
repair and new angles in tissue engineering

applications.

OUTLOOK

While studies over the last 15 years have
elucidated several functional and molecular
that

regulate vascularization during endochondral

relationships among the components
ossification, many aspects remain to be clarified.
VEGF the

molecular player currently known to govern the

emerged as most prominent
vascularization of the skeleton. However, the
regulation of its expression in bone health and
disease still needs to be further unraveled.
Moreover, its relationship with angiogenic
the

avascular state of cartilage is incompletely

inhibitors such as those maintaining
understood, while increased insights in this area
for anti-
skeletal

therapeutic perspective, increased knowledge

may hold clinical opportunities

angiogenic treatments. From a
on the role of other angiogenic stimulators

produced in bone (e.g. connective tissue growth



factor (CTGF), FGF, PDGF, TGF-f and
angiopoietin-1) and their interplay with VEGF
signaling may provide promising anabolic
targets to treat metabolic bone diseases and
enhance bone regeneration. The vascular
anatomy and the mechanisms of the angiogenic
processes in the skeleton are also as yet
the

structural specifics of the vascular beds in bone

incompletely  characterized.  Studying
is technically challenging, as the cortical bone
shell renders the enclosed vascular system
difficult to access; improved methods for
visualization are emerging, for instance using
high-resolution modeling of perfusion vascular
casts, fluorescent and in vivo live imaging
methods [79,87,91,65]. The growing arsenal of
genetic tools, including inducible and site-
specific mutagenesis models, will undoubtedly
be instrumental in further analyses of the
intrinsic molecular control of growth and
maintenance of the vascular beds in the skeleton
and in addressing the currently unresolved
question how signals emanating from the
vascular system regulate processes in the bone
environment. These insights will be valuable for
developing improved treatments for metabolic
bone diseases, hematological disorders, bone

injuries and cartilage defects.

21

Acknowledgements

The author acknowledges all colleagues she had
many fruitful discussions with. Special thanks
to Dr.

thoughtful comments on the manuscript. The

goes Natalie Sims for providing
financial support from Starting Grant 282131
from the European Research Council under the
Union’s  Seventh
(FP7/2007-2013)

acknowledged. The author sincerely apologizes

European Framework

Programme is gratefully
to all those whose work was not included due to

space limitations.

Disclosures
The author states that there is no financial

conflict of interest.



References

1. Karsenty G, Wagner EF (2002) Reaching a
genetic and molecular understanding of skeletal
development. Dev Cell 2:389-406

2. Kronenberg HM (2003) Developmental
regulation of the growth plate. Nature 423:332-336

3. Trueta J, Morgan JD (1960) The vascular
contribution to osteogenesis. 1. Studies by the
injection method. J Bone Joint Surg Br 42-B:97-109

4. Trueta J, Amato VP (1960) The vascular
contribution to osteogenesis. III. Changes in the
growth cartilage caused by experimentally induced
ischaemia. J Bone Joint Surg Br 42-B:571-587

5. Carmeliet P, Jain RK (2011) Molecular
mechanisms and  clinical  applications  of
angiogenesis. Nature 473:298-307

6. Potente M, Gerhardt H, Carmeliet P (2011) Basic
and therapeutic aspects of angiogenesis. Cell
146:873-887

7. Ferrara N (2009) VEGF-A: a critical regulator of
blood vessel growth. Eur Cytokine Netw 20:158-
163

8. Colnot C, Lu C, Hu D, Helms JA (2004)
Distinguishing  the  contributions  of  the
perichondrium, cartilage, and vascular endothelium
to skeletal development. Dev Biol 269:55-69

9. Senger DR, Galli SJ, Dvorak AM, Perruzzi CA,
Harvey VS, Dvorak HF (1983) Tumor cells secrete
a vascular permeability factor that promotes
accumulation of ascites fluid. Science 219:983-985

10. Keck PJ, Hauser SD, Krivi G, Sanzo K, Warren
T, Feder J, Connolly DT (1989) Vascular
permeability factor, an endothelial cell mitogen
related to PDGF. Science 246:1309-1312

11. Leung DW, Cachianes G, Kuang WJ, Goeddel
DV, Ferrara N (1989) Vascular endothelial growth
factor is a secreted angiogenic mitogen. Science
246:1306-1309

12. Yla-Herttuala S, Rissanen TT, Vajanto I,
Hartikainen J (2007) Vascular endothelial growth
factors: biology and current status of clinical
applications in cardiovascular medicine. J] Am Coll
Cardiol 49:1015-1026

13. Olsson AK, Dimberg A, Kreuger J, Claesson-
Welsh L (2006) VEGF receptor signalling - in
control of vascular function. Nat Rev Mol Cell Biol
7:359-371

14. Gerber HP, Malik AK, Solar GP, Sherman D,
Liang XH, Meng G, Hong K, Marsters JC, Ferrara
N (2002) VEGF regulates haematopoietic stem cell
survival by an internal autocrine loop mechanism.
Nature 417:954-958

22

15. Lee S, Chen TT, Barber CL, Jordan MC,
Murdock J, Desai S, Ferrara N, Nagy A, Roos KP,
Iruela-Arispe ML (2007) Autocrine VEGF signaling
is required for vascular homeostasis. Cell 130:691-
703

16. Liu Y, Berendsen AD, Jia S, Lotinun S, Baron R,
Ferrara N, Olsen BR (2012) Intracellular VEGF
regulates the balance between osteoblast and
adipocyte differentiation. J Clin Invest 122:3101-
3113

17. Harper SJ, Bates DO (2008) VEGF-A splicing:
the key to anti-angiogenic therapeutics? Nat Rev
Cancer 8:880-887

18. Ruhrberg C, Gerhardt H, Golding M, Watson R,
loannidou S, Fujisawa H, Betsholtz C, Shima DT
(2002) Spatially restricted patterning cues provided
by heparin-binding VEGF-A control blood vessel
branching morphogenesis. Genes Dev 16:2684-2698

19. Maes C, Carmeliet P, Moermans K, Stockmans I,
Smets N, Collen D, Bouillon R, Carmeliet G (2002)
Impaired angiogenesis and endochondral bone
formation in mice lacking the vascular endothelial
growth factor isoforms VEGF164 and VEGF188.
Mech Dev 111:61-73

20. Dai J, Rabie AB (2007) VEGF: an essential
mediator of both angiogenesis and endochondral
ossification. J Dent Res 86:937-950

21. Maes C, Carmeliet G, Schipani E (2012)
Hypoxia-driven pathways in bone development,
regeneration and disease. Nat Rev Rheumatol.
8:358-366

22. Zelzer E, Glotzer D, Hartmann C, Thomas D,
Fukai N, Soker S, Olsen B (2001) Tissue specific
regulation of VEGF expression during bone
development requires Cbfal/Runx2. Mech Dev
106:97-106

23. Tang W, Yang F, Li Y, de Crombrugghe B, Jiao
H, Xiao G, Zhang C (2012) Transcriptional
regulation of Vascular Endothelial Growth Factor
(VEGF) by osteoblast-specific transcription factor
Osterix (Osx) in osteoblasts. J Biol Chem 287:1671-
1678

24. Gerber HP, Vu TH, Ryan AM, Kowalski J,
Werb Z, Ferrara N (1999) VEGF couples
hypertrophic cartilage remodeling, ossification and
angiogenesis during endochondral bone formation.
Nat Med 5:623-628

25. Haigh JJ, Gerber HP, Ferrara N, Wagner EF
(2000) Conditional inactivation of VEGF-A in areas
of collagen2al expression results in embryonic
lethality in the heterozygous state. Development
127:1445-1453

26. Maes C, Stockmans I, Moermans K, Looveren
RV, Smets N, Carmeliet P, Bouillon R, Carmeliet G



(2004) Soluble VEGF isoforms are essential for
establishing  epiphyseal  vascularization  and
regulating chondrocyte development and survival. J
Clin Invest 113:188-199

27. Zelzer E, Mamluk R, Ferrara N, Johnson R,
Schipani E, Olsen B (2004) VEGFA is necessary for
chondrocyte survival during bone development.
Development 131:2161-2171

28. Zelzer E, McLean W, Ng YS, Fukai N, Reginato
AM, Lovejoy S, D'Amore PA, Olsen BR (2002)
Skeletal defects in VEGF(120/120) mice reveal
multiple roles for VEGF in skeletogenesis.
Development 129:1893-1904

29. Eshkar-Oren I, Viukov SV, Salameh S, Krief S,
Oh CD, Akiyama H, Gerber HP, Ferrara N, Zelzer E
(2009) The forming limb skeleton serves as a
signaling center for limb vasculature patterning via
regulation of Vegf. Development 136:1263-1272

30. Gerber HP, Ferrara N (2000) Angiogenesis and
bone growth. Trends Cardiovasc Med 10:223-228

31. Vu TH, Shipley JM, Bergers G, Berger JE,
Helms JA, Hanahan D, Shapiro SD, Senior RM,
Werb Z (1998) MMP-9/gelatinase B is a key
regulator of growth plate angiogenesis and apoptosis
of hypertrophic chondrocytes. Cell 93:411-422

32. Krane SM, Inada M (2008) Matrix
metalloproteinases and bone. Bone 43:7-18

33. Ishijima M, Suzuki N, Hozumi K, Matsunobu T,
Kosaki K, Kaneko H, Hassell JR, Arikawa-
Hirasawa E, Yamada Y (2012) Perlecan modulates
VEGEF signaling and is essential for vascularization
in endochondral bone formation. Matrix Biol
31:234-245

34. Carmeliet P, Ng YS, Nuyens D, Theilmeier G,
Brusselmans K, Cornelissen I, Ehler E, Kakkar VV,
Stalmans I, Mattot V, Perriard JC, Dewerchin M,
Flameng W, Nagy A, Lupu F, Moons L, Collen D,

D'Amore PA, Shima DT (1999) Impaired
myocardial angiogenesis and ischemic
cardiomyopathy in mice lacking the vascular

endothelial growth factor isoforms VEGF164 and
VEGF188. Nat Med 5:495-502

35. Engsig MT, Chen QJ, Vu TH, Pedersen AC,
Therkidsen B, Lund LR, Henriksen K, Lenhard T,
Foged NT, Werb Z, Delaisse JM (2000) Matrix
metalloproteinase 9 and vascular endothelial growth
factor are essential for osteoclast recruitment into
developing long bones. J Cell Biol 151:879-889

36. Masuyama R, Stockmans I, Torrekens S, Van
Looveren R, Maes C, Carmeliet P, Bouillon R,
Carmeliet G (2006) Vitamin D receptor in
chondrocytes promotes osteoclastogenesis and
regulates FGF23 production in osteoblasts 2. J Clin
Invest 116:3150-3159

23

37. Takamoto M, Tsuji K, Yamashita T, Sasaki H,
Yano T, Taketani Y, Komori T, Nifuji A, Noda M
(2003) Hedgehog signaling enhances core-binding
factor al and receptor activator of nuclear factor-
kappaB ligand (RANKL) gene expression in
chondrocytes. J Endocrinol 177:413-421

38. Aldridge SE, Lennard TW, Williams JR, Birch
MA (2005) Vascular endothelial growth factor
receptors in osteoclast differentiation and function.
Biochem Biophys Res Commun 335:793-798

39. Nakagawa M, Kaneda T, Arakawa T, Morita S,
Sato T, Yomada T, Hanada K, Kumegawa M,
Hakeda Y (2000) Vascular endothelial growth factor
(VEGF) directly enhances osteoclastic bone
resorption and survival of mature osteoclasts 4.
FEBS Lett 473:161-164

40. Niida S, Kaku M, Amano H, Yoshida H,
Kataoka H, Nishikawa S, Tanne K, Maeda N,
Kodama H (1999) Vascular endothelial growth
factor can substitute for macrophage colony-
stimulating factor in the support of osteoclastic bone
resorption 2. J Exp Med 190:293-298

41. Stickens D, Behonick DJ, Ortega N, Heyer B,
Hartenstein B, Yu Y, Fosang AJ, Schorpp-Kistner
M, Angel P, Werb Z (2004) Altered endochondral
bone development in matrix metalloproteinase 13-
deficient mice. Development 131:5883-5895

42. Gartland A, Mason-Savas A, Yang M, MacKay
CA, Birnbaum MJ, Odgren PR (2009) Septoclast
deficiency accompanies postnatal growth plate
chondrodysplasia in the toothless (tl) osteopetrotic,
colony-stimulating factor-1 (CSF-1)-deficient rat
and is partially responsive to CSF-1 injections. Am
J Pathol 175:2668-2675

43. Lee ER, Lamplugh L, Shepard NL, Mort JS
(1995) The septoclast, a cathepsin B-rich cell
involved in the resorption of growth plate cartilage.
J Histochem Cytochem 43:525-536

44. Maes C, Kobayashi T, Selig MK, Torrekens S,
Roth SI, Mackem S, Carmeliet G, Kronenberg HM
(2010) Osteoblast precursors, but not mature
osteoblasts, move into developing and fractured
bones along with invading blood vessels. Dev Cell
19:329-344

45. Poulton 1J, McGregor NE, Pompolo S, Walker
EC, Sims NA (2012) Contrasting roles of leukemia
inhibitory factor in murine bone development and
remodeling involve region-specific changes in
vascularization. J] Bone Miner Res 27:586-595

46. Ortega N, Wang K, Ferrara N, Werb Z, Vu TH
(2010) Complementary interplay between matrix
metalloproteinase-9, vascular endothelial growth
factor and osteoclast function drives endochondral
bone formation. Dis Model Mech 3:224-235



47. Van Wesenbeeck L, Odgren PR, MacKay CA,
D'Angelo M, Safadi FF, Popoff SN, Van Hul W,
Marks SC, Jr. (2002) The osteopetrotic mutation
toothless (tI) is a loss-of-function frameshift
mutation in the rat Csfl gene: Evidence of a crucial
role for CSF-1 in osteoclastogenesis and
endochondral ossification. Proc Natl Acad Sci USA
99:14303-14308

48. Day T, Guo X, Garrett-Beal L, Yang Y (2005)
Wnt/beta-catenin  signaling in  mesenchymal
progenitors controls osteoblast and chondrocyte
differentiation during vertebrate skeletogenesis. Dev
Cell 8:739-750

49. Hill T, Spater D, Taketo M, Birchmeier W,
Hartmann C (2005) Canonical wnt/betacatenin
signaling prevents osteoblasts from differentiating
into chondrocytes. Dev Cell 8:727-738

50. Komori T, Yagi H, Nomura S, Yamaguchi A,
Sasaki K, Deguchi K, Shimizu Y, Bronson RT, Gao
YH, Inada M, Sato M, Okamoto R, Kitamura Y,
Yoshiki S, Kishimoto T (1997) Targeted disruption
of Cbfal results in a complete lack of bone
formation owing to maturational arrest of
osteoblasts. Cell 89:755-764

51. Nakashima K, Zhou X, Kunkel G, Zhang Z,
Deng J, Behringer R, B. dC (2002) The novel zinc
finger-containing transcription factor osterix is
required for osteoblast differentiation and bone
formation. Cell 108:17-29

52. Otto F, Thornell AP, Crompton T, Denzel A,
Gilmour KC, Rosewell IR, Stamp GW, Beddington
RS, Mundlos S, Olsen BR, Selby PB, Owen MJ
(1997) Cbfal, a candidate gene for cleidocranial
dysplasia syndrome, is essential for osteoblast
differentiation and bone development. Cell 89:765-
771

53. St Jacques B, Hammerschmidt M, McMahon AP
(1999) Indian hedgehog signaling regulates
proliferation and differentiation of chondrocytes and

1s essential for bone formation. Genes Dev 13:2072-
2086

54. Kronenberg HM (2007) The role of the
perichondrium in fetal bone development. Ann NY
Acad Sci 1116:59-64

55. Komori T (2011) Signaling networks in
RUNX2-dependent bone development. J Cell
Biochem 112:750-755

56. Long F (2012) Building strong bones: molecular
regulation of the osteoblast lineage. Nat Rev Mol
Cell Biol 13:27-38

57. Chung UI, Schipani E, McMahon AP,
Kronenberg HM (2001) Indian hedgehog couples

chondrogenesis to osteogenesis in endochondral
bone development. J Clin Invest 107:295-304

24

58. Takeda S, Bonnamy JP, Owen MJ, Ducy P,
Karsenty G (2001) Continuous expression of Cbfal
in nonhypertrophic chondrocytes uncovers its ability
to induce hypertrophic chondrocyte differentiation
and partially rescues Cbfal-deficient mice. Genes
Dev 15:467-481

59. Fiedler J, Etzel N, Brenner RE (2004) To go or
not to go: Migration of human mesenchymal
progenitor cells stimulated by isoforms of PDGF. J
Cell Biochem 93:990-998

60. Mayr-Wohlfart U, Waltenberger J, Hausser H,
Kessler S, Gunther KP, Dehio C, Puhl W, Brenner
RE (2002) Vascular endothelial growth factor
stimulates chemotactic migration of primary human
osteoblasts. Bone 30:472-477

61. Tang Y, Wu X, Lei W, Pang L, Wan C, Shi Z,
Zhao L, Nagy TR, Peng X, Hu J, Feng X, Van Hul
W, Wan M, Cao X (2009) TGF-betal-induced
migration of bone mesenchymal stem cells couples
bone resorption with formation. Nat Med 15:757-
765

62. Crisan M, Yap S, Casteilla L, Chen CW,
Corselli M, Park TS, Andriolo G, Sun B, Zheng B,
Zhang L, Norotte C, Teng PN, Traas J, Schugar R,
Deasy BM, Badylak S, Buhring HJ, Giacobino JP,
Lazzari L, Huard J, Peault B (2008) A perivascular
origin for mesenchymal stem cells in multiple
human organs. Cell Stem Cell 3:301-313

63. Modder UI, Khosla S (2008) Skeletal
stem/osteoprogenitor  cells: current concepts,
alternate hypotheses, and relationship to the bone

remodeling compartment. J Cell Biochem 103:393-
400

64. Sacchetti B, Funari A, Michienzi S, Di Cesare S,
Piersanti S, Saggio I, Tagliafico E, Ferrari S, Robey
PG, Riminucci M, Bianco P (2007) Self-renewing
osteoprogenitors in bone marrow sinusoids can
organize a hematopoietic microenvironment. Cell
131:324-336

65. Kalajzic Z, Li H, Wang LP, Jiang X, Lamothe K,
Adams DJ, Aguila HL, Rowe DW, Kalajzic I (2008)
Use of an alpha-smooth muscle actin GFP reporter
to identify an osteoprogenitor population. Bone
43:501-510

66. Yin M, Pacifici M (2001) Vascular regression is
required for mesenchymal condensation and
chondrogenesis in the developing limb. Dev Dyn
222:522-533

67. Shukunami C, Oshima Y, Hiraki Y (2005)
Chondromodulin-I and tenomodulin: a new class of
tissue-specific angiogenesis inhibitors found in
hypovascular connective tissues. Biochem Biophys
Res Commun 333:299-307

68. Brandau O, Aszodi A, Hunziker EB, Neame PJ,
Vestweber D, Fassler R (2002) Chondromodulin I is



dispensable during enchondral ossification and eye
development. Mol Cell Biol 22:6627-6635

69. Wirth T, Syed Ali MM, Rauer C, Suss D, Griss
P, Syed Ali S (2002) The blood supply of the
growth plate and the epiphysis: a comparative
scanning electron microscopy and histological
experimental study in growing sheep. Calcif Tissue
Int 70:312-319

70. Maes C, Araldi E, Haigh K, Khatri R, Van
Looveren R, Giaccia AJ, Haigh JJ, Carmeliet G,
Schipani E (2012) VEGF-independent cell-
autonomous functions of HIF-lalpha regulating
oxygen consumption in fetal cartilage are critical for
chondrocyte survival. ] Bone Miner Res 27:596-609

71. Zhou Z, Apte SS, Soininen R, Cao R, Baaklini
GY, Rauser RW, Wang J, Cao Y, Tryggvason K
(2000) Impaired endochondral ossification and
angiogenesis in mice deficient in membrane-type
matrix metalloproteinase I. Proc Natl Acad Sci USA
97:4052-4057

72. Schipani E, Ryan HE, Didrickson S, Kobayashi
T, Knight M, Johnson RS (2001) Hypoxia in
cartilage: HIF-lalpha is essential for chondrocyte
growth arrest and survival. Genes Dev 15:2865-
2876

73. Semenza GL (2012) Hypoxia-inducible factors
in physiology and medicine. Cell 148:399-408

74. Cramer T, Schipani E, Johnson RS, Swoboda B,
Pfander D (2004) Expression of VEGF isoforms by
epiphyseal chondrocytes during low-oxygen tension
is HIF-1 alpha dependent. Osteoarthritis Cartilage
12:433-439

75. Wang Y, Wan C, Deng L, Liu X, Cao X, Gilbert
SR, Bouxsein ML, Faugere MC, Guldberg RE,
Gerstenfeld LC, Haase VH, Johnson RS, Schipani E,
Clemens TL (2007) The hypoxia-inducible factor
alpha pathway couples angiogenesis to osteogenesis
during skeletal development. J Clin Invest
117:1616-1626

76. Riddle RC, Khatri R, Schipani E, Clemens TL
(2009) Role of hypoxia-inducible factor-lalpha in
angiogenic-osteogenic coupling. J Mol Med 87:583-
590

77. Provot S, Zinyk D, Gunes Y, Kathri R, Le Q,
Kronenberg HM, Johnson RS, Longaker MT,
Giaccia AJ, Schipani E (2007) Hif-1alpha regulates
differentiation of limb bud mesenchyme and joint
development. J Cell Biol 177:451-464

78. Pfander D, Cramer T, Schipani E, Johnson R
(2003) HIF-lalpha controls extracellular matrix
synthesis by epiphyseal chondrocytes. J Cell Sci
116:1819-1826

25

79. Lafage-Proust MH, Prisby R, Roche B, Vico L
(2010) Bone vascularization and remodeling. Joint
Bone Spine 77:521-524

80. Andersen TL, Sondergaard TE, Skorzynska KE,
Dagnaes-Hansen F, Plesner TL, Hauge EM, Plesner
T, Delaisse JM (2009) A physical mechanism for
coupling bone resorption and formation in adult
human bone. Am J Pathol 174:239-247

81. Schipani E, Maes C, Carmeliet G, Semenza GL
(2009) Regulation of osteogenesis-angiogenesis
coupling by HIFs and VEGF. J Bone Miner Res
24:1347-1353

82. Wang Y, Wan C, Deng L, Liu X, Cao X, Gilbert
S, Bouxsein M, Faugere M, Guldberg R,
Gerstenfeld L, Haase V, Johnson R, Schipani E,
Clemens T (2007) The hypoxia-inducible factor
alpha pathway couples angiogenesis to osteogenesis
during skeletal development. J Clin Invest
117:1616-1626

83. Maes C, Goossens S, Bartunkova S, Drogat B,
Coenegrachts L, Stockmans I, Moermans K, Nyabi
O, Haigh K, Naessens M, Haenebalcke L,
Tuckermann JP, Tjwa M, Carmeliet P, Mandic V,
David JP, Behrens A, Nagy A, Carmeliet G, Haigh
JJ (2010) Increased skeletal VEGF enhances beta-
catenin activity and results in excessively ossified
bones. EMBO J 29:424-441

84. Guerrouahen BS, Al-Hijji I, Tabrizi AR (2011)
Osteoblastic and vascular endothelial niches, their
control on normal hematopoietic stem cells, and
their consequences on the development of leukemia.
Stem Cells Int 2011:375857

85. Coskun S, Hirschi KK (2010) Establishment and
regulation of the HSC niche: Roles of osteoblastic
and vascular compartments. Birth Defects Res C
Embryo Today 90:229-242

86. Kiel MJ, Yilmaz OH, Iwashita T, Terhorst C,
Morrison SJ (2005) SLAM family receptors
distinguish hematopoietic stem and progenitor cells
and reveal endothelial niches for stem cells. Cell
121:1109-1121

87. Sipkins DA, Wei X, Wu JW, Runnels JM, Cote
D, Means TK, Luster AD, Scadden DT, Lin CP
(2005) In vivo imaging of specialized bone marrow
endothelial microdomains for tumour engraftment.
Nature 435:969-973

88. Kobayashi H, Butler JM, O'Donnell R,
Kobayashi M, Ding BS, Bonner B, Chiu VK, Nolan
DJ, Shido K, Benjamin L, Rafii S (2010)
Angiocrine factors from Akt-activated endothelial
cells balance self-renewal and differentiation of
haematopoietic stem cells. Nat Cell Biol 12:1046-
1056

89. Mendez-Ferrer S, Michurina TV, Ferraro F,
Mazloom AR, Macarthur BD, Lira SA, Scadden DT,



Ma'ayan A, Enikolopov GN, Frenette PS (2010)
Mesenchymal and haematopoietic stem cells form a
unique bone marrow niche. Nature 466:829-834

90. Sugiyama T, Kohara H, Noda M, Nagasawa T
(2006) Maintenance of the hematopoietic stem cell
pool by CXCL12-CXCR4 chemokine signaling in
bone marrow stromal cell niches. Immunity 25:977-
988

91. Lo Celso C, Fleming HE, Wu JW, Zhao CX,
Miake-Lye S, Fujisaki J, Cote D, Rowe DW, Lin CP,
Scadden DT (2009) Live-animal tracking of
individual haematopoietic stem/progenitor cells in
their niche. Nature 457:92-96

92. Xie Y, Yin T, Wiegraebe W, He XC, Miller D,
Stark D, Perko K, Alexander R, Schwartz J,
Grindley JC, Park J, Haug JS, Wunderlich JP, Li H,
Zhang S, Johnson T, Feldman RA, Li L (2009)
Detection of functional haematopoietic stem cell
niche using real-time imaging. Nature 457:97-101

93. Calvi LM, Adams GB, Weibrecht KW, Weber
JM, Olson DP, Knight MC, Martin RP, Schipani E,
Divieti P, Bringhurst FR, Milner LA, Kronenberg
HM, Scadden DT (2003) Osteoblastic cells regulate
the haematopoietic stem cell niche. Nature 425:841-
846

94. Zhang J, Niu C, Ye L, Huang H, He X, Tong
WG, Ross J, Haug J, Johnson T, Feng JQ, Harris S,
Wiedemann LM, Mishina Y, Li L (2003)
Identification of the haematopoietic stem cell niche
and control of the niche size. Nature 425:836-841

95. Kiel MJ, Acar M, Radice GL, Morrison SJ
(2009) Hematopoietic stem cells do not depend on

N-cadherin to regulate their maintenance. Cell Stem
Cell 4:170-179

96. Bromberg O, Frisch BJ, Weber JM, Porter RL,
Civitelli R, Calvi LM (2012) Osteoblastic N-
cadherin is not required for microenvironmental
support and regulation of hematopoietic stem and
progenitor cells. Blood 120:303-313

97. Greenbaum AM, Revollo LD, Woloszynek JR,
Civitelli R, Link DC (2012) N-cadherin in
osteolineage cells is not required for maintenance of
hematopoietic stem cells. Blood 120:295-302

98. Simsek T, Kocabas F, Zheng J, Deberardinis RJ,
Mahmoud AI, Olson EN, Schneider JW, Zhang CC,
Sadek HA (2010) The distinct metabolic profile of
hematopoietic stem cells reflects their location in a
hypoxic niche. Cell Stem Cell 7:380-390

99. Rankin EB, Wu C, Khatri R, Wilson TL,
Andersen R, Araldi E, Rankin AL, Yuan J, Kuo CJ,
Schipani E, Giaccia AJ (2012) The HIF Signaling
Pathway in Osteoblasts Directly Modulates
Erythropoiesis through the Production of EPO. Cell
149:63-74

26

100. Walkley CR, Olsen GH, Dworkin S, Fabb SA,
Swann J, McArthur GA, Westmoreland SV,
Chambon P, Scadden DT, Purton LE (2007) A
microenvironment-induced myeloproliferative
syndrome caused by retinoic acid receptor gamma
deficiency. Cell 129:1097-1110

101. Raaijmakers MH, Mukherjee S, Guo S, Zhang
S, Kobayashi T, Schoonmaker JA, Ebert BL, Al-
Shahrour F, Hasserjian RP, Scadden EO, Aung Z,
Matza M, Merkenschlager M, Lin C, Rommens JM,
Scadden DT (2010) Bone progenitor dysfunction
induces myelodysplasia and secondary leukaemia.
Nature 464:852-857

102. Edwards CM, Edwards JR, Lwin ST, Esparza J,
Oyajobi BO, McCluskey B, Munoz S, Grubbs B,
Mundy GR (2008) Increasing Wnt signaling in the
bone marrow microenvironment inhibits the
development of myeloma bone disease and reduces
tumor burden in bone in vivo. Blood 111:2833-2842

103. Street J, Winter D, Wang JH, Wakai A,
McGuinness A, Redmond HP (2000) Is human
fracture hematoma inherently angiogenic? Clin
Orthop Rel Res:224-237

104. Beamer B, Hettrich C, Lane J (2010) Vascular
Endothelial  Growth  Factor: An  Essential
Component of Angiogenesis and Fracture Healing.
Hss J. 6:85-94

105. Schindeler A, McDonald MM, Bokko P, Little
DG (2008) Bone remodeling during fracture repair:
The cellular picture. Semin Cell Dev Biol 19:459-
466

106. Kumar S, Ponnazhagan S (2012) Mobilization
of bone marrow mesenchymal stem cells in vivo
augments bone healing in a mouse model of
segmental bone defect. Bone 50:1012-1018

107. Gerstenfeld LC, Cullinane DM, Barnes GL,
Graves DT, Einhorn TA (2003) Fracture healing as
a post-natal developmental process: molecular,
spatial, and temporal aspects of its regulation. J Cell
Biochem 88:873-884

108. Ferguson CM, Miclau T, Hu D, Alpern E,
Helms JA (1998) Common molecular pathways in
skeletal morphogenesis and repair. Ann NY Acad
Sci 857:33-42

109. Jacobsen KA, Al Aql ZS, Wan C, Fitch JL,
Stapleton SN, Mason ZD, Cole RM, Gilbert SR,
Clemens TL, Morgan EF, Einhorn TA, Gerstenfeld
LC (2008) Bone formation during distraction
osteogenesis is dependent on both VEGFRI1 and
VEGFR2 signaling. ] Bone Miner Res 23:596-609

110. Street J, Bao M, deGuzman L, Bunting S, Peale
FV, Jr., Ferrara N, Steinmetz H, Hoeffel J, Cleland
JL, Daugherty A, van Bruggen N, Redmond HP,
Carano RA, Filvaroff EH (2002) Vascular
endothelial growth factor stimulates bone repair by



promoting angiogenesis and bone turnover. Proc
Natl Acad Sci USA 99:9656-9661

111. Behonick DJ, Xing Z, Lieu S, Buckley JM,
Lotz JC, Marcucio RS, Werb Z, Miclau T, Colnot C
(2007) Role of matrix metalloproteinase 13 in both
endochondral and intramembranous ossification
during skeletal regeneration. PLoS ONE 2:e1150

112. Colnot C, Thompson Z, Miclau T, Werb Z,
Helms JA (2003) Altered fracture repair in the
absence of MMP9. Development 130:4123-4133

113. Lieu S, Hansen E, Dedini R, Behonick D,
Werb Z, Miclau T, Marcucio R, Colnot C (2011)
Impaired remodeling phase of fracture repair in the
absence of matrix metalloproteinase-2. Dis Model
Mech 4:203-211

114. Colnot C (2009) Skeletal cell fate decisions
within periosteum and bone marrow during bone
regeneration. J Bone Miner Res 24:274-282

115. Bouletreau PJ, Warren SM, Spector JA, Peled
ZM, Gerrets RP, Greenwald JA, Longaker MT
(2002) Hypoxia and VEGF up-regulate BMP-2
mRNA and protein expression in microvascular
endothelial cells: implications for fracture healing.
Plast Recon Surg 109:2384-2397

116. Keramaris NC, Calori GM, Nikolaou VS,
Schemitsch EH, Giannoudis PV (2008) Fracture
vascularity and bone healing: a systematic review of
the role of VEGF. Injury 39 Suppl 2:S45-57

117. Kumar S, Wan C, Ramaswamy G, Clemens TL,
Ponnazhagan S (2010) Mesenchymal stem cells
expressing osteogenic and angiogenic factors
synergistically enhance bone formation in a mouse
model of segmental bone defect. Mol Ther 18:1026-
1034

118. Peng H, Wright V, Usas A, Gearhart B, Shen
HC, Cummins J, Huard J (2002) Synergistic
enhancement of bone formation and healing by stem
cell-expressed VEGF and bone morphogenetic
protein-4. J Clin Invest 110:751-759

27



Figure legends

Fig. 1 Generation and characteristics of the
VEGF isoforms. The gene for VEGF consists of
8 exons. Alternative exon splicing of a single
pre-mRNA generates transcripts for different
isoforms, the most important murine ones being
VEGF120, VEGF64 and VEGFgs. The shortest
isoform, VEGF,,, lacks the basic, heparin-
binding residues encoded by exons 6 and 7,
whereas VEGF ¢4 lacks the residues encoded by
exon 6. This confers upon the secreted proteins
differences in matrix binding, and creates a
gradient of VEGF for directional recruitment or
growth of endothelial cells during angiogenesis:
VEGF g3 is mostly sequestered in the matrix,
from where it can be released by proteases
during matrix degradation, while VEGF, fails
to bind heparin and can diffuse to a more distant
site. VEGF;es has intermediate matrix-
association properties; VEGF 64 can
furthermore bind the co-receptors NRP1 and
NRP2, in addition to the main receptor tyrosine
kinases (TK) VEGFR-1 and VEGFR-2

Fig. 2 Vascularization processes during
endochondral bone development. (left panel)
During embryogenesis, the initiation of
cartilage neovascularization is coordinated with
proliferation and differentiation of chondrocytes
in the avascular anlagen, osteoblastogenesis and
bone collar (BC) formation in the surrounding
perichondrium (PCh), and the expression of
high levels of VEGF by hypertrophic
chondrocytes in the middle portion of the bone
model. Invasion by blood vessels is
accompanied by chondrocyte apoptosis,
osteoclastic ~cartilage resorption, and co-
invasion by osteoprogenitors moving to the
inside of the nascent primary ossification center
(POC). For details on the molecular regulators,
see text. (middle panel) Longitudinal bone
growth is driven by the progressive replacement
of hypertrophic chondrocytes (HC) with
trabecular bone, a process that relies on
metaphyseal vascularization mediated by the
heparin-binding VEGF isoforms, released from
the matrix by MMP-9 during cartilage turnover.
The VEGF gradient emanating from the
hypertrophic cartilage regulates the guided
attraction of blood vessels towards the terminal
cartilage. VEGF stimulates the recruitment of
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more osteoclast precursors that reach the region
via the expanding circulation; these cells secrete
more  matrix-degrading ~ MMPs,  further
facilitating vascular expansion by clearing the
path for endothelial cell migration and
angiogenesis. Hence, at the chondro-osseous
junction a self-stimulatory cycle is established
of progressive cartilage decay, systematic
release of VEGF, and directional expansion of
the vasculature. VEGF signaling also stimulates
osteoblasts, completing its role as central
coordinator of  vascularization, cartilage
turnover and ossification. (AC, RC, CC, pHC:
articular, round, columnar and pre-hypertrophic
chondrocytes). (right panel) When the avascular
cartilage exceeds a critical size during growth,
the middle of the growth plate becomes hypoxic,
stabilizing HIF-1 and triggering VEGF
expression in immature chondrocytes. Soluble
VEGF isoforms are critical to diffuse to the
surface of the cartilage, stimulating growth of
the epiphyseal vascular network and tissue
oxygenation. HIF-1 is additionally essential for
chondrocyte survival by inducing oxygen-
sparing anaerobic metabolism in the hypoxic
cells. In early postnatal life, epiphyseal vessels
invade the avascular cartilage and initiate a
secondary center of ossification (SOC)

Fig. 3 Bone remodeling and hematopoiesis both
take place in the vascularized environment of
the adult bone and bone marrow. Balanced bone
remodeling requires coordinated activities of
osteoblasts (OB) and osteoclasts (OCL), as well
as adequate vascular supply. Mesenchymal
stem or progenitor cells residing in close
proximity to the vascular endothelium may be
key to angiogenic-osteogenic coupling and
support of hematopoiesis. Hematopoietic stem
cells (HSC) reside in the vascular niche near
sinusoidal endothelial cells (EC) and give rise
to blood cells. Quiescent, long-term HSC locate
in the osteoblastic niche at the relative hypoxic
endosteal bone surface; HIF-1 has roles in both
HSC and in OB, ie. to regulate HSC
maintenance, bone formation and
erythropoiesis. VEGF affects OB, OCL and
HSC/hematopoiesis indirectly via its effects on
bone vascularization and directly by signaling
through VEGF receptors expressed by all these
cell types, in paracrine or intracrine ways
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Figure 2
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Figure 3
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