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Vegfa regulates perichondrial vascularity and osteoblast
differentiation in bone development
Xuchen Duan, Yurie Murata, Yanqiu Liu, Claudia Nicolae, Bjorn R. Olsen and Agnes D. Berendsen*

ABSTRACT
Vascular endothelial growth factor A (Vegfa) has important roles
in endochondral bone formation. Osteoblast precursors, endothelial
cells and osteoclasts migrate from perichondrium into primary
ossification centers of cartilage templates of future bones in
response to Vegfa secreted by (pre)hypertrophic chondrocytes.
Perichondrial osteolineage cells also produce Vegfa, but its function
is not well understood. By deleting Vegfa in osteolineage cells in vivo,
we demonstrate that progenitor-derived Vegfa is required for
blood vessel recruitment in perichondrium and the differentiation
of osteoblast precursors in mice. Conditional deletion of Vegfa
receptors indicates that Vegfa-dependent effects on osteoblast
differentiation are mediated by Vegf receptor 2 (Vegfr2). In addition,
Vegfa/Vegfr2 signaling stimulates the expression and activity of
Indian hedgehog, increases the expression of β-catenin and inhibits
Notch2. Our findings identify Vegfa as a regulator of perichondrial
vascularity and osteoblast differentiation at early stages of bone
development.
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INTRODUCTION
During endochondral bone formation osteochondroprogenitors
form cartilage templates of future bones. Following chondrocyte
hypertrophy, perichondrial osteoblast precursors, endothelial and
hematopoietic cells and osteoclasts migrate into primary ossification
centers (POCs) and replace cartilage by bone marrow and trabecular
bone (Karsenty, 2003; Kronenberg, 2003; Zelzer and Olsen, 2003).
The transcription factor osterix (Osx; Sp7 – Mouse Genome

Informatics) is expressed in perichondrial osteoblast precursors and,
at lower levels, in prehypertrophic chondrocytes (Nakashima et al.,
2002). Osx expression first appears in the perichondrium of bone
templates at embryonic day (E) 13.5 in mice. After E15.5, strong
expression is associated with trabecular and cortical bone formation
(Nakashima et al., 2002) as the precursors differentiate into collagen
I (Col1)-expressing osteoblasts (Karsenty and Wagner, 2002; Maes
et al., 2010b).
Several factors regulate endochondral bone formation, including

Indian hedgehog (Ihh), Wnt/β-catenin, Notch, Bmps, Fgfs and Pthrp
(Kronenberg, 2003). Ihh induces osteoblast differentiation during
perichondrial maturation into periosteum (Chung et al., 2001; Hu
et al., 2005; Long et al., 2004). Canonical Wnt/β-catenin signaling is
essential for the differentiation of osteochondroprogenitors (Day

et al., 2005; Hill et al., 2005) and promotes hypertrophic chondrocyte
differentiation and osteoblast differentiation andmaturation (Hu et al.,
2005). Notch2 is a negative regulator of osteoblast differentiation
(Hilton et al., 2008).

Vegfa is essential during key stages of endochondral bone
formation. Mice with Vegfa conditionally deleted in collagen II
(Col2)-expressing cells show a delay in blood vessel invasion into
POCs, delayed hypertrophic cartilage removal and chondrocyte
apoptosis (Haigh et al., 2000; Zelzer et al., 2002, 2004). Mice
expressing only the non-heparin-binding Vegf120 isoform of Vegfa
show decreased skeletal mineralization and reduced expression of
osteoblastic markers (Maes et al., 2002; Zelzer et al., 2002).
Overexpression of Vegfa in osteochondroprogenitor cells results in
increased bone mass (Maes et al., 2010a).

Osx-positive osteoblast precursors not only migrate into POCs in
response to Vegfa secreted by chondrocytes, but they also express
high levels of Vegfa (Maes et al., 2010b). In this study, we show that
Vegfa produced by these cells is required for blood vessel
recruitment and early stages of osteoblast differentiation in
perichondrial regions of bone templates. This function is
mediated by Vegfr2 and is likely to involve Ihh, β-catenin and
Notch2-dependent pathways.

RESULTS AND DISCUSSION
Vegfa regulates bone formation during endochondral
ossification
To assess the function of Vegfa expressed by Osx-positive precursor
cells in developing bone, we generated mice with conditional
loss of Vegfa alleles in these cells. Newborn Vegfafl/fl; Osx-Cre:
GFP mice had thinner bones and reduced skeletal mineralization
compared with wild-type (WT) (Vegfa+/+; Osx-Cre:GFP) mice
(Fig. 1A,B). MicroCT showed reduced tibia length and that
secondary ossification centers were largely missing in mutants at
postnatal day (P) 9 (supplementary material Fig. S1A). Mutant
femurs had increased hypertrophic zones, decreased mineralization
and fewer tartrate-resistant acid phosphatase (Trap)-positive
osteoclasts and GFP-labeled Osx-expressing (Osx/GFP+) cells
(Fig. 1B). Anti-CD31 (Pecam1) staining indicated reduced
density of endothelial and Osx/GFP+ cells within primary
spongiosa in mutants (Fig. 1B).

Visualization of Vegfa expression by X-gal staining of P1 femurs
from heterozygous Vegfa-lacZKI/WT (Vegfa-lacZ) mice revealed
positive staining of prehypertrophic chondrocytes and cells located
within primary spongiosa; by contrast, WT tissue showed only low-
level false-positive staining in osteoclasts (supplementary material
Fig. S1B). In situ hybridization indicated that loss of Vegfa
expression in Osx+ precursors resulted in reduced Col1 (Col1a1)-
expressing cells within primary spongiosa (Fig. 1C). Low Col1
expression in mutant bones confirmed that the majority of
Osx/GFP+ cells are osteoblast progenitor cells, which are
decreased in mutants (Fig. 1B,C).Received 17 September 2014; Accepted 19 April 2015
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Vegfa stimulates perichondrial vascularity and osteoblast
differentiation
To address mechanisms underlying reduced numbers of Osx+

cells in P1 femurs, we analyzed Osx/GFP+ cells during formation
of POCs. E15.5 tibia of mutant mice showed markedly decreased
numbers of Osx/GFP+ cells (43.2±4.9 per defined region of
perichondrium and POC) compared with WT (56.4±6.5) mice

(Fig. 2A). The area of anti-CD31 staining in POCs as a percentage
of stained areas in perichondrium and POC combined was 0.6±
0.5% for mutant compared with 23.4±5.5% for controls.
Likewise, the area of Trap staining for osteoclasts in POCs as a
percentage of total staining in perichondrium and POC combined
was 27.7±8.5% for mutant compared with 53.6± 17.2% in
controls. This is consistent with published findings that

Fig. 1. Progenitor-derived Vegfa regulates mineralization in developing bones. (A) Whole-mount Alcian Blue and Alizarin Red stained skeletal preparations
of P1 Vegfa+/+; Osx-Cre:GFP and Vegfafl/fl; Osx-Cre:GFP mice. (B) Histology of P1 femurs of Vegfa+/+; Osx-Cre:GFP and Vegfafl/fl; Osx-Cre:GFP mice by H&E
(scale bar: 200 µm), von Kossa and Trap staining, Osx/GFP+ expression and anti-CD31 staining (scale bar: 100 µm). The bracket indicates increased thickness of
the growth plate region in mutant compared with control femur. The boxes indicate central regions of the primary ossification center (POC), similar to those shown
at higher magnification beneath. Bar charts show quantification of bone diameter, mineralization, Trap staining and Osx/GFP expression in femur sections of P1
Vegfa+/+; Osx-Cre:GFP (n=3) andVegfafl/fl; Osx-Cre:GFP (n=3) mice. Mean±s.d. *P<0.05 or *P<0.01 for comparison between genotypes. (C) In situ hybridization
on femur sections of P1 Vegfa+/+; Osx-Cre:GFP and Vegfafl/fl; Osx-Cre:GFPmice forOsx (red) andCol1a1 (turquoise) (scale bars: 200 µm, top; 100 µm, bottom).
To the right are magnified views of Osx and Col1a1 expression in femoral POC.
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Vegfa derived from Osx+ prehypertrophic chondrocytes
attracts these cells into POCs (Maes et al., 2010b; Zelzer et al.,
2002, 2004).

Loss of Vegfa expression in Osx+ cells resulted in decreased
numbers of Osx/GFP+ cells in the perichondrial region of E14.5
tibia and reduced GFP levels in the whole hindlimb as assessed by

Fig. 2. Loss ofVegfa expression inosteolineagecells decreases perichondrial vascularityandosteoblast precursor numbers. (A)Osx/GFP+ cells (green) in
E15.5 Vegfa+/+; Osx-Cre:GFP (top left) and Vegfafl/fl; Osx-Cre:GFP (top right) femur and tibia sections (scale bar: 200 µm). The boxed femoral areas are
magnified beneath (scale bar: 100 µm), showing anti-CD31 and Trap staining. (B) Osx/GFP+ cells in E14.5 Vegfa+/+; Osx-Cre:GFP (top left) and Vegfafl/fl;
Osx-Cre:GFP (top right) tibia and fibula sections (scale bar: 200 µm). Beneath are magnified views of the tibia areas boxed above (scale bar: 50 µm) and anti-CD31
staining of perichondrial areas (scale bar: 25 µm). Bar charts show quantification of Osx/GFP+ cells in the optic field and quantification of anti-CD31 staining in
perichondrium of E14.5 tibia ofVegfa+/+; Osx-Cre:GFP (n=3) andVegfafl/fl; Osx-Cre:GFP (n=3) mice. Values represent themean number of Osx/GFP+ cells per optic
field or mean relative anti-CD31 staining±s.d. *P<0.05 for comparison between genotypes. Thewestern blot is of GFP in E14.5 Vegfa+/+; Osx-Cre:GFP and Vegfafl/fl;
Osx-Cre:GFP whole hindlimb lysates. β-actin provides a loading control. (C) lacZ staining indicating Vegfa-expressing cells in femur and tibia sections from E14.5
Vegfa-lacZ mice as compared with WT control tissue (scale bar: 500 µm). (D) In situ hybridization on tibia sections of E14.5 Vegfa+/+; Osx-Cre:GFP and Vegfafl/fl;
Osx-Cre:GFPmice for Osx (red) and Col2a1 (turquoise) (scale bar: 50 µm). To the right are magnified views of the boxed perichondrial areas showing cells
co-expressing Osx and Col2a1. (E) (Top left) Anti-Col1 staining of femur sections from E14.5 Vegfa+/+; Osx-Cre:GFPmice (scale bar: 100 µm). (Bottom left)
Quantification of Col1 staining of femur sections from Vegfa+/+; Osx-Cre:GFP (n=3) and Vegfafl/fl; Osx-Cre:GFP (n=3) mice. Values represent mean relative staining
area±s.d. *P<0.05 for comparison between genotypes. (Right) Magnified views of the boxed area of WT control and Vegfafl/fl; Osx-Cre:GFPmice.
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western blotting. Area of anti-CD31 staining indicated reduced,
but not significant, differences in the perichondrium of mutant
tibia (Fig. 2B), whereas the area of anti-CD34 staining, a marker of
hematopoietic/endothelial cells, was reduced (supplementary
material Fig. S2A). This suggests that reduced perichondrial
vascularity might contribute to the decreased numbers of Osx/
GFP+ cells. BrdU and TUNEL stainings confirmed that
proliferating and apoptotic cell numbers were unaffected in E14.5
Vegfafl/fl; Osx-Cre:GFPmice (supplementary material Fig. S2B,C).
X-gal staining of hindlimbs of E14.5 Vegfa-lacZ mice indicated

that perichondrial cells of tibia and femur express Vegfa (Fig. 2C;
supplementary material Fig. S2D). No false-positive cells
were observed in the control, as osteoclasts are hardly present
(supplementary material Fig. S2E). At E14.5, the perichondrium
contains specific pools of osteoblast lineage cells, including
osteochondroprogenitors (Col2+), osteoblast precursors (Osx+)
and mature osteoblasts (Col1+) (Maes et al., 2010b). In situ
hybridization confirmed co-expression of Osx and Col2
(Col2a1) in perichondrial cells (Fig. 2D), and perichondrial
osteochondroprogenitors and their progeny were present in mice
carrying Tomato and Col2-Cre transgenes (supplementary material
Fig. S2F).
Next, we compared mice carrying floxed Vegfa alleles and

Osx-Cre:GFP or Col2-Cre transgenes. Loss of Vegfa expression in
Osx/GFP+ cells in Vegfafl/fl; Osx-Cre:GFP mice was confirmed
by in situ hybridization (supplementary material Fig. S2G). Osx
expression was reduced and Col2 expression appeared increased in
tibia sections of E14.5 mutant mice (Fig. 2D), suggesting reduced
differentiation of Col2+ osteochondroprogenitors into Osx+

cells. Probing sections for Col1 mRNA (supplementary material
Fig. S2H) or Col1 protein revealed that loss of Vegfa in Osx/
GFP+ cells or Col2+ cells resulted in slightly reduced Col1
expression in perichondrial areas (Fig. 2E; supplementary
material Fig. S2I). Thus, Vegfa produced by Col2+ and Osx+

osteoprogenitors appears to primarily function as a stimulator of
osteolineage differentiation.

Vegfa stimulates Vegfr2 signaling and β-catenin
expression
Most effects of Vegfa are mediated by Vegfr1 (Flt1 – Mouse
Genome Informatics) and Vegfr2 (Kdr – Mouse Genome
Informatics; also known as Flk1) (Ferrara et al., 2003). Vegfr2
regulates chemotaxis, mitogenesis and cytoskeletal reorganization
(Carmeliet and Collen, 1999); Vegfr1 primarily acts as a decoy
receptor, although its function depends on the developmental stage
(Ferrara et al., 2003). Overexpression of Vegfa in Col2+

osteochondroprogenitors enhances bone mass by mechanisms
involving Vegfr2 and β-catenin pathways (Maes et al., 2010a).
Staining tibia sections of E14.5 Vegfa+/+; Osx-Cre:GFP mice
with anti-Vegfr2 indicated abundant Vegfr2 expression in
perichondrial Osx/GFP+ and likely Col2+ cells (Fig. 3A).
Conditional deletion of Vegfr2 in Vegfr2fl/fl; Osx-Cre:GFP mice

resulted in reduced numbers of Osx/GFP+ cells (Fig. 3A). Col1
levels appeared reduced in the perichondrium of Vegfr2fl/fl; Osx-
Cre:GFP (Fig. 3B) and Vegfr2fl/fl; Col2-Cre:GFP mice
(supplementary material Fig. S3A). Perichondrial regions of
E14.5 femurs from Vegfr2fl/fl; Tomato; Col2-Cre and Vegfr2+/+;
Tomato; Col2-Cre mice had similar numbers of Tomato-positive
cells (supplementary material Fig. S3B). Therefore, Vegfa-
dependent control of differentiation early in the osteoblast lineage
appears to be mediated by Vegfr2. Vegfr1 is also abundantly
expressed in perichondrial cells; however, conditional deletion of

this receptor in osteoblast lineage cells had no clear effect on the
numbers of Osx/GFP+ cells and Col1 levels in the perichondrium of
E14.5 tibia (supplementary material Fig. S3C,D). Newborn
Vegfr2fl/fl; Osx-Cre:GFP and Vegfr1fl/fl; Osx-Cre:GFP mice had
no apparent defects compared with their littermate controls
(supplementary material Fig. S3E).

Phosphorylation of Vegfr2, Akt and Gsk3β in hindlimb lysates of
E14.5 Vegfafl/fl; Osx-Cre:GFP was decreased, whereas Mapk
phosphorylation was unaffected (Fig. 3C). Furthermore, loss of
Vegfa or Vegfr2 in Osx+ cells resulted in reduced β-catenin
expression. Anti-β-catenin staining of tibia sections confirmed
reduced β-catenin expression in perichondrial cells (Fig. 3D). Thus,
Vegfa-induced Vegfr2 signaling and possibly also the β-catenin
pathway regulate osteoblast differentiation in the perichondrium of
developing bones.

Vegfa stimulates Ihh expression and represses Notch2
levels
Apart from Wnt/β-catenin, several other factors regulate
endochondral osteoblast differentiation, including Bmps, Fgfs,
Pthrp, Ihh (Colnot et al., 2005; Hu et al., 2005; Razzaque et al.,
2005) and Notch2 (Hilton et al., 2008). To assess possible roles in
Vegfa-dependent control of differentiation, we analyzed Ihh and
Notch2 expression in hindlimb lysates from E14.5 Vegfafl/fl; Osx-
Cre:GFP and Vegfr2fl/fl; Osx-Cre:GFP mice. Loss of Vegfa or
Vegfr2 in Osx+ cells resulted in decreased Ihh expression but
increased Notch2 (Fig. 4A). Ihh is expressed in prehypertrophic
chondrocytes and cells located in perichondrium during
endochondral ossification (Hu et al., 2005; Mak et al., 2006).
In situ hybridization of tibia sections from Vegfafl/fl; Osx-Cre:GFP
and Vegfa+/+; Osx-Cre:GFPmice indicated that Ihh expression was
reduced in prehypertrophic mutant chondrocytes (Fig. 4B), whereas
no Ihh expression was detected in mutant and control perichondrial
cells (supplementary material Fig. S4A). Thus, reduced Ihh
expression in prehypertrophic chondrocytes might directly affect
osteoblast differentiation during perichondrial maturation. Anti-
Notch2 staining of tibia sections showed increased Notch2
expression in perichondrial cells of mutants (Fig. 4C). These data
suggest functional links between Vegfa/Vegfr2, Ihh and Notch2 in
perichondrial osteoblast differentiation.

To test whether Vegfa directly regulates the expression of Ihh and
Notch2, we used hindlimb cells from E13.5 Vegfafl/fl mice for
in vitro differentiation assays. The majority of Vegfa-expressing
cells showed nuclear Osx expression (Fig. 4Da). Adenoviral Cre-
mediated Vegfa knockdown was confirmed by measuring cell-
associated and secreted Vegfa levels (supplementary material
Fig. S4Ba). Expression of the early and late osteoblast marker
genes Runx2, Osx (Sp7) and Col1a1, and the mRNA levels of Ihh
and the Ihh target genes patched 1 (Ptch1), Gli1 and hedgehog
interacting protein (Hhip) were reduced upon loss of Vegfa
expression (Fig. 4Db,c). Expression of Notch2 and target gene
hairy/enhancer-of-split related with YRPW motif 1 (Hey1) was
unaffected (supplementary material Fig. S4Bb), suggesting the
possibility that cell-cell contact in vivo is important for regulation of
Notch2 expression by Vegfa.

In rescue experiments, Osx expression was eliminated in the
presence of the hedgehog (Hh) antagonist GANT-58, whereas
recombinant Vegfa had only minor effects and Runx2 and Col1a1
levels were not affected (Fig. 4Dd). This raises the possibility that
Vegfa might require one or more co-factors to exert its effect on
osteoblast differentiation; alternatively, Vegfa functions via
intracrine rather than paracrine mechanisms, as described in

1987

RESEARCH REPORT Development (2015) 142, 1984-1991 doi:10.1242/dev.117952

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.117952/-/DC1


adult mice (Liu et al., 2012). We also tested the possible
involvement of Gαs (Gnas – Mouse Genome Informatics),
which is a modulator of Wnt/β-catenin and Hh signaling
activities in mesenchymal progenitors (Regard et al., 2011,
2013). In hindlimb lysates, Gαs expression was not affected in
Vegfafl/fl; Osx-Cre:GFP mice (supplementary material Fig. S4Ca).
Furthermore, the activity of protein kinase A (Pka), a major

regulator of Hh signaling, was unaffected in these mice
(supplementary material Fig. S4Cb).

In summary, our data demonstrate that Vegfa produced by
Osx+ precursors regulates blood vessel recruitment and early stages
of osteoblast differentiation during perichondrial maturation.
Vegfa-dependent effects are mediated by Vegfr2 and mechanisms
that include stimulated expression and activity of Ihh, increased

Fig. 3. Loss of Vegfr2 in osteoprogenitors results in reduced osteoblast differentiation and loss of Vegfa/Vegfr2 signaling reduces β-catenin
expression in perichondrial cells. (A) (Left) Anti-Vegfr2 staining of tibia sections from E14.5 Vegfr2+/+; Osx-Cre:GFP and Vegfr2fl/fl; Osx-Cre:GFPmice (scale
bar: 100 µm); inset shows non-immune IgG control. Boxed regions are magnified to the right, showing Osx/GFP+ cells (green, middle column) or Vegfr2 staining
only (right column). (B) Anti-Col1 staining of tibia sections from E14.5 Vegfr2+/+; Osx-Cre:GFP and Vegfr2fl/fl; Osx-Cre:GFP (scale bar: 100 µm). (C) Western
blotting of phospho-Vegfr2 (Tyr1175), phospho-Akt (Ser473), phospho-p44/42 Mapk (Mapk3/1) (Thr202/Tyr204), β-catenin and phospho-Gsk3β (Ser9) protein
levels in whole hindlimb lysates from E14.5 Vegfa/Vegfr2+/+; Osx-Cre:GFP, Vegfafl/fl; Osx-Cre:GFP and Vegfr2fl/fl; Osx-Cre:GFPmice; β-actin and Hsp90 provide
loading controls. (D) Anti-β-catenin staining of perichondrial area of tibia sections from E14.5 Vegfa+/+; Osx-Cre:GFP and Vegfafl/fl; Osx-Cre:GFP; inset shows
non-immune IgG control (scale bars: 20 µm). To the right is shown anti-β-catenin staining alone.
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Fig. 4. Vegfa stimulates Ihh/Gli1 signaling and inhibits Notch2 expression in perichondrial cells. (A) Western blotting of Ihh and Notch2 in whole
hindlimb lysates from E14.5 Vegfa/Vegfr2+/+; Osx-Cre:GFP, Vegfafl/fl; Osx-Cre:GFP and Vegfr2fl/fl; Osx-Cre:GFP mice; β-actin and Hsp90 are loading
controls. (B) In situ hybridization of Osx (red) and Ihh (turquoise) on tibia sections (prehypertrophic zone region) from E14.5 Vegfa+/+; Osx-Cre:GFP and
Vegfafl/fl; Osx-Cre:GFP mice (scale bars: 50 µm). Insets are magnified views of prehypertrophic chondrocyte areas. (C) Anti-Notch2 staining of perichondrial
area of tibia sections from E14.5 Vegfa+/+; Osx-Cre:GFP and Vegfafl/fl; Osx-Cre:GFP mice; inset shows non-immune IgG control (scale bars: 20 µm).
(D) (a) Anti-Vegfa and anti-Osx staining of cultured hindlimb cells from E13.5 Vegfafl/fl embryos (scale bar: 50 µm). (b,c) Expression, as assessed by qRT-
PCR, of Runx2, Osx (Sp7), Col1a1, Ihh, Ptch1, Gli1 and Hhip in lysates of cultured hindlimb cells from E13.5 Vegfafl/fl embryos, treated with adenoviral Cre
and induced to differentiate into osteoblasts. Control cells were treated with adenoviral GFP. Relative gene expression levels are normalized to levels of
Gapdh. Values represent mean relative expression±s.d. (n=3). (d) Expression (by qRT-PCR) of Runx2, Osx (Sp7) and Col1a1 in lysates of cultured hindlimb
cells from E13.5 Vegfafl/fl embryos, treated with adenoviral Cre and induced to differentiate into osteoblasts in the presence of recombinant Vegfa with or
without the Hh antagonist GANT-58, as compared with control cells. Relative gene expression levels were normalized to levels of Gapdh. Values represent
mean relative expression±s.d. (n=3). (e) Model summarizing our findings and conclusions. During perichondrial maturation, Col2+ osteochondroprogenitors
differentiate into Osx+ precursors, which either migrate into the POC in response to Vegfa secreted by (pre)hypertrophic chondrocytes or mature into Col1+

osteoblasts in the perichondrium. Vegfa derived from perichondrial osteolineage cells controls osteoblast differentiation in a Vegfr2-dependent manner, likely
involving Ihh-, β-catenin- and Notch2-dependent pathways.
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expression of β-catenin and inhibition of Notch2 (Fig. 4De). Since
many factors are crucial for osteoblast differentiation during
endochondral bone formation, Vegfa/Vegfr2-dependent regulation
of osteoblast differentiation might involve additional mechanisms
as well. Furthermore, in addition to an autocrine/paracrine role of
Vegfa, changes in perichondrial vascularity indicative of a general
developmental delay might also contribute to the effects on
osteoblast differentiation.

MATERIALS AND METHODS
Mouse strains
Floxed Vegfa, Vegfr2 (Flk1) and Vegfr1 (Flt1) mice were generated at
Genentech. 129-Vegfatm1.1Nagy (Miquerol et al., 1999), Osx-Cre:GFP
(Rodda and McMahon, 2006) and Col2-Cre (Schipani et al., 2001)
mice have been described previously. B6.Cg-Gt(ROSA)26Sortm14
(CAG-tdTomato)Hze/J mice were purchased from Jackson Laboratory. All
animal experiments were performed with protocols approved by Harvard
Medical Area Standing Committee on Animals and in accordance with US
Public Health Service Policy on Humane Care and Use of Laboratory
Animals. Further details of mouse strains and genotyping are provided in the
supplementary Materials and Methods and Table S1.

Staining, histology and microCT
Alizarin Red and Alcian Blue staining of skeletal structures in P1 mice and
microCT analyses on hindlimbs are described in the supplementary
Materials and Methods. Frozen sections (7.5 µm) were prepared for
histology, including Hematoxylin and Eosin (H&E), von Kossa and Trap
staining, and analyzed with a Nikon 80i upright microscope or a Nikon Ti w/
spinning disk confocal microscope as described in the supplementary
Materials andMethods. X-Gal staining to detect Vegfa-lacZ expression, and
BrdU and TUNEL staining of proliferating and apoptotic cells are detailed
in the supplementary Materials and Methods.

Immunohistochemistry (IHC), immunocytochemistry (ICH) and
western blotting
IHC on frozen limb sections, ICH on fixed cells in culture chambers and
western blotting of protein lysates of E14.5 hindlimbs were carried out with
the antibodies and imaging techniques described in the supplementary
Materials and Methods.

ELISA
Vegfa protein levels in cell lysates (cell associated) or culture medium
(secreted) were assessed and normalized as described in the supplementary
Materials and Methods.

RNA in situ hybridization and qRT-PCR
Gene expression analyses by RNA in situ hybridization and qRT-PCR were
carried out using the probes and primers detailed in the supplementary
Materials and Methods and Table S2.

Mesenchymal progenitor cell cultures
Hindlimbs of E13.5 embryos were enzymatically digested and cells infected
with either Ad-Cre or Ad-GFP followed by osteogenic induction as
described in the supplementary Materials and Methods.

Quantifications and statistical analysis
Quantifications of femur diameter, mineralization and cell counts
(Osx, Trap, CD31, CD34 and Col1 staining) were performed as described
in the supplementary Materials and Methods. Results are presented as
mean±s.d. and unpaired Student’s t-tests were used. P<0.05 was considered
significant.
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Fig. S1. Progenitor-derived Vegfa regulates the length of early postnatal tibia. 

(A) Micro-CT 3D scans of hindlimbs from P9 Vegfa+/+; Osx-Cre:GFP (control, left) and Vegfafl/fl; 

Osx-Cre:GFP (mutant, middle) mice. Graphs: Quantification of femur length (mm) (upper right) 

and tibia length (mm) (lower right) of P9 Vegfa+/+; Osx-Cre:GFP (n=4) and Vegfafl/fl; Osx-

Cre:GFP (n=5) mice. Values represent mean length measures ± s.d.. P<0.05 for comparison 

between genotypes. Note that because of the variable bending between the femur and tibia, the 

two-dimensional projection as shown here does not constitute the measures of the length of the 

bones. (B) LacZ staining indicating Vegfa-expressing cells in P1 femur of Vegfa-lacZ mice 

(right) compared with WT control tissue (left) (scale bar: 200 µm). Bottom: Magnified views of 

POC and prehypertrophic areas of femoral areas showing Vegfa-positive cells (arrows). 
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Fig. S2. Loss of progenitor-derived Vegfa does not affect the proliferation and apoptosis of 

Osx+ cells in perichondrial areas. 

(A) Anti-CD34 staining of perichondrial areas of tibia sections of Vegfa+/+; Osx-Cre:GFP and 

Vegfafl/fl; Osx-Cre:GFP mice (scale bar: 25 µm). Right: Quantification of anti-CD34 staining in 

perichondrium of E14.5 tibia of Vegfa+/+; Osx-Cre:GFP (n=3) and Vegfafl/fl; Osx-Cre:GFP (n=3) 

mice. Values represent mean relative anti-CD34 staining ± s.d.. P<0.05 for comparison between 

genotypes. (B) BrdU staining of tibia sections from E14.5 Vegfa+/+; Osx-Cre:GFP (top) and 

Vegfafl/fl; Osx-Cre:GFP (bottom) mice showing Osx/GFP+ cells in perichondrial areas of tibia 

(scale bar: 50 µm). Right: Identical images showing BrdU staining only. (C) TUNEL staining of 

tibia sections from E14.5 Vegfa+/+; Osx-Cre:GFP (top) and Vegfafl/fl; Osx-Cre:GFP (bottom) 

mice showing Osx/GFP+ cells in perichondrial areas of tibia (scale bar: 50 µm). Right: Identical 

images showing TUNEL staining only. (D) LacZ staining indicating Vegfa-expressing cells in 

E14.5 femur of Vegfa-LacZ mice (bottom) compared to no background staining in tissue from 

WT control mice (top) (scale bar: 50 µm). (E) Trap staining of tibia sections from E14.5 Vegfa+/+; 

Osx-Cre:GFP (top) and Vegfafl/fl; Osx-Cre:GFP (bottom) mice showing osteoclasts in 

perichondrial areas of tibia (scale bar: 50 µm). (F) Analysis of different cell populations located 

in perichondrium of E14.5 tibia. Top: Tibia section from E14.5 Vegfa+/+; Tomato; Col2-Cre mice 

showing cells derived from osteochondroprogenitor (Col2+) cells (scale bar: 100 µm). Bottom: 

Tibia from Vegfa+/+; Osx-Cre:GFP mice showing Osx-expressing cells. Right: Magnified views 

of delineated rectangular areas of perichondrium in images on left. (G) In situ hybridization on 

femur sections of E14.5 Vegfa+/+; Osx-Cre:GFP (top) and Vegfafl/fl; Osx-Cre:GFP (bottom) mice 

for Osx (red spots) and Vegfa (turquoise spots) (scale bar: 50 µm). (H) In situ hybridization on 

femur sections of E14.5 Vegfa+/+; Osx-Cre:GFP (top) and Vegfafl/fl; Osx-Cre:GFP (bottom) mice 

for Osx (red spots) and Col1a1 (turquoise spots) (scale bar: 50 µm). (I) Anti-Col1 staining of 
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femur sections from E14.5 Vegfafl/fl; Col2-Cre (bottom) and WT control (top) mice showing Col1 

deposition in perichondrial area at center of femur (scale bar: 50 µm). 
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Fig. S3. Loss of Vegfr1 in osteoprogenitor cells does not affect osteoblast differentiation in 

perichondrium and mineralization of developing bones. 

 (A) Anti-Col1 staining of tibia sections from E14.5 Vegfr2+/+; Col2-Cre (left) and Vegfr2fl/fl; 

Col2-Cre (right) mice (scale bar: 100 µm). (B) Femur sections from E14.5 Vegfr2+/+; Tomato; 

Col2-Cre (left) and Vegfr2fl/fl; Tomato; Col2-Cre (right) mice showing cells derived from 

osteochondroprogenitor (Col2+) cells (scale bar: 50 µm). (C) Top left: Anti-Vegfr1 staining of 

tibia sections from E14.5 Vegfr1+/+; Osx-Cre:GFP mice showing Osx/GFP+ cells in the 

perichondrium with insert showing non-immune IgG control (scale bar: 100 µm). Top right: 

Magnified view of delineated rectangular area at left showing Osx/GFP+ cells (green) and 

identical images with Vegfr1 staining only (bottom right). Bottom left: Western blotting of 

Vegfr1 protein levels in whole hindlimb lysates from E14.5 Vegfa+/+; Osx-Cre:GFP (control) and 

Vegfafl/fl; Osx-Cre:GFP (mutant) mice; β-actin is loading control. (D) Anti-Col1 staining of femur 

sections from E14.5 Vegfr1+/+; Osx-Cre:GFP (top left) and Vegfr1fl/fl; Osx-Cre:GFP (top right) 

and femur sections from Vegfr1+/+; Col2-Cre (bottom left) and Vegfr1fl/fl; Col2-Cre (bottom right) 

mice (scale bar: 100 µm). (E) Histological analysis of femur sections from P1 Vegfr2fl/fl; Osx-

Cre:GFP (left) and Vegfr1fl/fl; Osx-Cre:GFP (right) compared to WT littermate control mice by 

H&E, Von Kossa, Trap and Osx/GFP+ expression (scale bar: 200 µm).  
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Fig. S4. Vegfa does not affect perichondrial Ihh expression and Gαs and Pka-dependent 

pathways 

(A) In situ hybridization on tibia sections (perichondrium area) from E14.5 Vegfa+/+; Osx-

Cre:GFP (top) and Vegfafl/fl; Osx-Cre:GFP (bottom) mice for Osx (red spots) and Ihh (turquoise 

spots) (scale bar: 50 µm). (B) (a) Vegfa protein levels measured by ELISA in cell-associated and 

secreted protein lysates of cultured hindlimb cells isolated from E13.5 Vegfafl/fl embryos treated 

with adenoviral Cre compared to adenoviral GFP (control). Vegfa protein levels normalized to 

total cellular proteins for each sample. Values represent mean Vegfa levels ± s.d. (n=3). (b) qRT-

PCR of Notch2 and Hey1 expression in cultured hindlimb cells isolated from E13.5 Vegfafl/fl 

embryos, treated with adenoviral Cre, and induced to differentiate into the osteoblast lineage. 

Control cells were treated with adenoviral GFP. Relative gene expression levels normalized to 

levels of Gapdh. Values represent mean relative expression ± s.d. (n=3). (C) Western blotting of 

Gαs (a) and phospho-Creb (Ser133) (b) in whole hindlimb lysates from E14.5 Vegfa+/+; Osx-

Cre:GFP (control) and Vegfafl/fl; Osx-Cre:GFP (mutant) mice; Hsp90 is loading control.  
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Supplementary Materials and Methods 

Mouse Strains 

Floxed Vegfa, Flk1 and Flt1 mice were crossed with Osx-Cre:GFP and described in our previous 

studies (Liu et al., 2012). Here we used additional crosses of mice carrying floxed alleles of 

Vegfa, Flk1 and Flt1 with Col2-Cre. Adult heterozygous 129-Vegfatm1.1Nagy mice were 

previously reported to have increased Vegfa protein levels as a consequence of the insertion of an 

IRES-NLS-lacZ-SV40pA sequence into the 3’ UTR of the Vegfa gene locus resulting in removal 

of miRNA binding sites controlling inhibition of Vegfa mRNA translation (Cervi et al., 2007; 

Miquerol et al., 1999; Marneros, 2013). Analysis of whole hindlimb lysates from E14.5 129-

Vegfatm1.1Nagy mice by Western blotting and ELISA assays showed that Vegfa protein levels 

were not significantly different from E14.5 WT controls (data not shown). For all timed 

pregnancies, male mice were mated with females overnight and separated in the morning, which 

was defined as E0.5. For harvesting of embryos, timed pregnant female mice were sacrificed by 

CO2 exposure and the embryos were harvested after amnionectomy and removal of placenta. 

Genomic DNA isolated from portions of mouse tails were used for genotyping. All primers for 

genotyping are listed below. 

Primer sequences used for genotyping 

forward primer reverse primer Product 

Generic-Cre 5′-GATGAGGTTCGCAAGAACCTG-3′ 5′-TGAACGAACCTGGTCGAAATC-3′ ~ 350 bp 

Vegfa 5′-CCTGGCCCTCAAGTACACCTT-3′ 5′-TCCGTACGACGCATTTCTAG-3′ ~ 150 bp 

Vegfr1 5′-CCTGCATGATTCCTGATTGGA-3′ 5′-GCCTAAGCTCACCTGCGG-3′ ~ 180 bp 

Vegfr2 5′-GACTTGGTTCATCAGGCTAG-3′ 5′-GACGCTGTTAAGCTGCTACAC-3′ ~ 230 bp 

Vegfa-LacZ 5′-ATCCTCTGCATGGTCAGGTC-3′ 5′-CGTGGCCTGATTCATTCC-3′ ~ 300 bp 

Vegfa-LacZ (positive 

control) 
5′-CAAATGTTGCTTGTCTGGTG-3′ 5′-GTCAGTCGAGTGACAGTTT-3′

~ 260 bp 
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Rosa Wildtype 5′-AAGGGAGCTGCAGTGGAGTA-3′ 5′-CCGAAAATCTGTGGGAAGTC-3′ ~ 297 bp 

Rosa Tomato Mutant 5′-CTGTTCCTGTACGGCATGG-3′ 5′-GGCATTAAAGCAGCGTATCC-3′ ~ 169 bp 

Skeletal Preparations and Staining 

Skeletal structures of newborn mice (P1) were visualized by Alizarin Red (bone) and Alcian Blue 

(cartilage) staining. Skin, muscles and visceral organs were removed from mice prior to 

incubation in solution containing Alizarin Red S and Alcian Blue (Sigma-Aldrich). Skeletal 

samples were cleared by incubation in potassium hydroxide (1%) /glycerol (20%) solution and 

stored and photographed in glycerol. 

Histology 

Limbs of embryos and newborn mice were fixed in 4% paraformaldehyde (PFA) at 4℃ 

overnight, infiltrated with 10%, 20% and 30% sucrose and embedded in OCT (Tissue-Tek®) 

compound (Sakura Finetek USA, Inc., Torrance, CA) for cryostat sectioning. 7.5 µm frozen 

sections were prepared for hematoxylin and eosin (H&E) staining, von Kossa staining, tartrate-

resistant acid phosphatase (Trap) staining, bromodeoxyuridine (BrdU) staining, TUNEL staining 

and immunohistochemistry (IHC). For detection of mineralization, Von Kossa staining was 

performed by placing the frozen sections in 1% silver nitrate under a 60 Watt lamp for 90 

minutes. The reaction was then stopped by putting sections in 2.5% sodium thiosulfate solution 

for 5 minutes and counterstained with 1% Safranin O solution. Trap staining for osteoclasts was 

performed using a Leukocyte Acid Phosphatase kit (Sigma-Aldrich) according to the 

manufacturer’s instructions. Histological sections were taken with Nikon 80i Upright microscope 

using NIS-Elements AR3.1 software. 
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Immunohistochemistry (IHC) and immunocytochemistry (ICH) 

IHC was performed according to Cell Signaling Technology protocols. Frozen sections of limbs 

were stained with CD31 (1:100; ab28364; Abcam), CD34 (1:100; ab81289; Abcam), Collagen I 

(1:100; ab21286; Abcam), Vegfr2 (1:50; sc-505; Santa Cruz Biotechnology), Vegfr1 (1:50; sc-

316; Santa Cruz Biotechnology), β-catenin (1:500; C2206; Sigma-Aldrich) and Notch2 (1:1500; 

5732; Cell Signaling) primary antibodies or normal rabbit IgG (sc-2027; Santa Cruz 

Biotechnology), and Alexa Fluor-conjugated secondary antibodies (1:200; Invitrogen). For ICH 

cells in culture chambers were fixed in 4% PFA and stained with Vegfa (1:50; sc-152; Santa Cruz 

Biotechnology) and Osx (1:50; sc-22538; Santa Cruz Biotechnology) primary antibodies, and 

Alexa Fluor-conjugated secondary antibodies (1:200; Invitrogen). All sections were mounted 

with HardSet Mounting Medium with DAPI (Vector Labs), observed and photographed using 

Nikon 80i Upright microscope or a Nikon Ti w/ Spinning Disk Confocal microscope. Control 

sections incubated with non-specific control IgGs did not show any staining. Images of the same 

optic fields were taken using blue, green and/or red fluorescence filters, and merged using 

MetaMorph Software. 

X-Gal Staining 

To detect Vegfa-lacZ reporter expression indicating Vegfa expression, E14.5 embryos or 

hindlimbs of newborn mice were fixed in 0.2% glutaraldehyde (EMS) and 2% PFA (BDH) for 30 

minutes at room temperature, incubated in X-gal solution (1 mg/ml; Thermo Scientific) overnight 

at 30℃ and post-fixed in 10% PFA overnight at room temperature. The bones were washed for 

30 minutes in running water and then processed using a standard procedure for frozen sections. 

RNA in situ hybridization 
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Frozen sections of limbs were processed for RNA in situ detection using the RNAscope 2-plex 

Detection Kit (Chromogenic) according to the manufacturer’s instructions (Advanced Cell 

Diagnostics). RNAscope probes used include: Sp7 (NM_130458.3, region 837-2230), which was 

detected using the Fast Red detection reagent, and Col1a1 (NM_007742.3, region 1685-3051), 

Indian hedgehog (NM_010544.2, region 990-2336), Vegfa (NM_001025257.3, region 946-2156) 

and Col2a1 (NM_001113515.2, region 729-2036), which were detected using the Green detection 

reagent. 

MicroCT 

µCT analyses were performed for hindlimbs of P9 mice using µCT40 Scanco Medical, Zurich, 

Switzerland (10 mm isometric voxel resolution at 200 mseconds exposure, 2000 views and 5 

frames per view). 

Quantification of femur diameter, mineralization, Osx-Positive Cells, Trap staining, CD31 

staining, CD34 staining, and Col1 staining  

Diameter of P1 femurs was measured on four central-cut sections at least 30 µm apart (n=3 

animals per genotype). The total areas of mineralization, Trap staining and Osx/GFP-positive 

cells in P1 femurs were measured on the entire diaphysis of the femur, using ImageJ program. 

Three central-cut sections at least 22.5 µm apart were analyzed per bone (n=3 animals per 

genotype). The invasion of endothelial cells and osteoclasts into the primary ossification center of 

E15.5 femurs were analyzed by comparing anti-CD31 staining and Trap staining in the primary 

ossification center of femur and total staining in a defined (Trap: 1100 x 1100 µm; CD31: 1150 x 

1150 µm) region comprising the diaphysis of the femur. Three central-cut sections at least 22.5 

µm apart were analyzed per bone (n=3 embryos per genotype). Osx-positive cells in E14.5 and 

E15.5 tibia sections were counted in a defined (80 x 330 µm) region comprising most of the 
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perichondrium, using ImageJ program. Three to six central-cut sections at least 22.5 µm apart 

were analyzed per bone (n=3 embryos per genotype). CD31 and CD34 stainings of E14.5 tibia 

sections were analyzed in a defined (190 x 1850 µm) region comprising most of the 

perichondrium, using ImageJ program. Three sections at least 22.5 µm apart were analyzed per 

bone (n=3 embryos per genotype). Col1 staining of E14.5 femur sections was analyzed in a 

defined (370 x 1480 µm) region comprising most of the perichondrium, using ImageJ program. 

Four to seven sections at least 30 µm apart were analyzed per bone (n=3 embryos per genotype).  

Western Blotting 

Protein lysates of hindlimbs of E14.5 embryos were prepared by adding ice-cold M-PER 

Mammalian Protein Extraction Reagent (Thermo Scientific) supplemented with cOmplete, Mini, 

EDTA-free protease inhibitor (Roche) and PhosSTOP phosphatase inhibitors (Roche). After 

centrifugation for 10 minutes (14,000 rpm) at 4°C, protein concentrations of supernatants were 

determined by Bradford Protein Assay kit (Thermo Scientific). Equal amounts of lysates were 

loaded and separated by SDS-polyacrylamide gel electrophoresis using 4-12% Bis-Tris precast 

polyacrylamide gels (NuPage; Invitrogen) followed by transfer of proteins onto nitrocellulose 

membranes (Bio-Rad). Protein was detected by probing the membranes overnight at 4℃ using 

primary antibodies against phospho-Vegfr2 (1:1000; 2478; Cell Signaling), Vegfr2 (1:1000; 

2479; Cell Signaling), Vegfr1 (1:500; sc-316; Santa Cruz Biotechnology), Ihh (1:1000; ab39634; 

Abcam), Gαs (1:500; sc-135914; Santa Cruz Biotechnology), phospho-Akt (1:1000; 9271; Cell 

Signaling), Akt (1:1000; 9272; Cell Signaling), phospho-Creb (1:1000; 9198; Cell Signaling), 

Creb (1:1000; 9197; Cell Signaling), β-catenin (1:1000; 9587; Cell Signaling), phospho-

Gsk3β (1:1000; 9323; Cell Signaling), Gsk3β (1:1000; 9315; Cell Signaling), Notch2 (1:1000; 

5732; Cell Signaling), phospho-p44/42 Mapk (1:1000; 9101; Cell Signaling), p44/42 Mapk 

(1:1000; 9102; Cell Signaling), Hsp90 (1:500; sc-13119; Santa Cruz Biotechnology), and β-actin 
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(1:5000; A5441; Sigma-Aldrich). Membranes were then incubated with horseradish peroxidase-

conjugated secondary antibodies for 1 hour at room temperature and immunoreactive bands were 

detected by chemiluminescent substrate (Thermo Scientific). 

BrdU incorporation and TUNEL staining 

For BrdU incorporation, pregnant mice were injected i.p. with BrdU (Invitrogen) at 0.1 mg/g 

body weight two hours before sacrifice. E14.5 embryos were dissected and their limbs processed 

to obtain frozen sections. BrdU staining was performed using BrdU Staining Kit (Invitrogen) 

following manufacturer's instructions. For TUNEL staining, apoptotic cells were detected by 

using In Situ Cell Death Detection Kit, TMR Red (Roche) as described in manufacturer's 

instructions. 

Mesenchymal Progenitor Cell Cultures 

Hindlimbs of E13.5 embryos were dissected in Hanks Balanced Salt Solution (HBSS, Sigma-

Aldrich) and digested in collagenase II (0.37 mg/ml), 0.25% dextrose in HBSS at 37℃ for 90 

minutes. Cells were disassociated by repetitive pipetting, centrifuged, resuspended in BGJb 

medium (Life Technologies) supplemented with 10% FBS, 1 x Antibiotics (Gibco), and plated in 

12-well plates at 5 x 105 cells per well. Prior to reaching confluence cells were infected with 

either Ad-Cre or Ad-GFP overnight (Vector Biolabs). Cells were grown to confluence, induced to 

differentiate in the presence of β-glycerophosphate (8 mM; Sigma-Aldrich) and L-ascorbic acid 

phosphate (50 µg/ml; Wako), and cultured for 5 days for Vegfa ELISA assays and 14 days for 

qRT-PCR. For rescue experiments cells were treated with recombinant mouse Vegfa (Vegf164) 

(50 ng/ml; 493-MV, R&D Systems) with or without Hedgehog antagonist GANT-58 (5 µM; 

Sigma-Aldrich). 
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ELISA assays 

Vegfa protein levels in cell lysates were assessed using the Quantikine Mouse VEGF 

Immunoassay (R&D Systems) in accordance with manufacturer’s instructions; Vegfa protein 

levels assessed in cell lysates (cell-associated) or culture media (secreted) were normalized to 

total cellular proteins for each sample.  

RNA extraction and gene expression analysis by qRT-PCR 

Total RNA was extracted from cells using the RNeasy Isolation kit (Qiagen) according to the 

manufacturer’s instructions. Then 1 µg of total RNA was used for cDNA synthesis using the RT2 

Easy First Strand kit (Qiagen) and PCR amplification of cDNA was performed using the iCycler 

iQ PCR system (Bio-Rad) using gene-specific primer sets listed below. Primers were designed 

using Primer3 software with parameters set for use with RT-PCR and PCR products were 

analyzed by gel electrophoresis to ensure the generation of a single product in the PCR reaction. 

Relative gene expression levels were normalized to the levels of the housekeeping gene Gapdh. 

All primers for qRT-PCR are listed below. 

Primer sequences used for qRT-PCR 

forward primer reverse primer 

Gapdh 

Runx2 

5’-GTGTTCCTACCCCCAATGTG-3’

5’-CCCAGCCACCTTTACCTACA-3’

5’-AGGAGACAACCTGGTCCTCA-3’

5’-TATGGAGTGCTGCTGGTCTG-3’

Sp7 5’-AGGCACAAAGAAGCCATACG-3’ 5’-TGCAGGAGAGAGGAGTCCAT-3’

Col1a1 5’-TGACTGGAAGAGCGGAGAGT-3’ 5’-GTTCGGGCTGATGTACCAGT-3’

Ihh 5’-CCGAACCTTCATCTTGGTGT-3’ 5’-CCCCGAGAAACATTGGAGTA-3’

Ptch1 5’-GAGACAAGCCCATCGACATT-3’ 5’-CCAAGCGGTCAGGTAGATGT-3’

Gli1 5’-ACTAGGGGGCTACAGGAGGA-3’ 5’-ACCTGGACCCCTAGCTTCAT-3’

Development 142: doi:10.1242/dev.117952: Supplementary Material 

Development | Supplementary Material



Hhip 5’-TACTTGCCGAGGCCATATTC-3’ 5’-CTTCCATCTGGCCCAAGTAG-3’

Notch2 5’-GATCGACAACCGACAGTGTG-3’ 5’-GCGTTTCTTGGACTCTCCAG-3’

Hey1 5’-TGATGGACCGAGGTGTTGTA-3’ 5’-TCCCTTCACCTCACTGCTCT-3’

Supplementary References 

Cervi, D., Shaked, Y., Haeri, M., Usenko, T., Lee, C.R., Haigh, J.J., Nagy, A., Kerbel, R.S., 

Yefenof, E., and Ben-David, Y. (2007). Enhanced natural-killer cell and erythropoietic activities 

in VEGF-A-overexpressing mice delay F-MuLV-induced erythroleukemia. Blood 109, 2139-

2146. 

Marneros, A.G. (2013). NLRP3 inflammasome blockade inhibits VEGF-A-induced age-related 

macular degeneration. Cell Rep. 4, 945-958. 

Development 142: doi:10.1242/dev.117952: Supplementary Material 

Development | Supplementary Material



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


