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Phosphate-induced activation of VEGFR2 leads
to caspase-9-mediated apoptosis
of hypertrophic chondrocytes

Prem Swaroop Yadav,1,2 Garyfallia Papaioannou,1,2 Margaret M. Kobelski,1 and Marie B. Demay1,2,3,*

SUMMARY

Low circulating phosphate (Pi) leads to rickets, characterized by expansion of the
hypertrophic chondrocytes (HCs) in thegrowthplate due to impairedHCapoptosis.
Studies in HCs demonstrate that Pi activates the Raf/MEK/ERK1/2 and mitochon-
drial apoptotic pathways. To determine how Pi activates these pathways, a small-
molecule screen was undertaken to identify inhibitors of Pi-induced ERK1/2 phos-
phorylation in HCs. Vascular endothelial growth factor receptor 2 (VEGFR2) was
identified as a target. In vitro studies in HCs demonstrate that VEGFR2 inhibitors
block Pi-induced pERK1/2 and caspase-9 cleavage. Like Pi, rhVEGF activates
ERK1/2 and caspase-9 in HCs and induces phosphorylation of VEGFR2, confirming
that Pi activates this signaling pathway in HCs. Chondrocyte-specific depletion of
VEGFR2 leads to an increase in HCs, impaired vascular invasion, and a decrease in
HC apoptosis. Thus, these studies define a role for VEGFR2 in transducing Pi signals
and mediating its effects on growth plate maturation.

INTRODUCTION

One of the hallmark features of endochondral bone formation is the hypertrophic differentiation of chon-

drocytes, a key event required for the longitudinal growth of developing long bones. These hypertrophic

chondrocytes (HCs) undergo apoptosis and are replaced by bone. Hypophosphatemia, due to genetic mu-

tations or dietary phosphate restriction, impairs hypertrophic chondrocyte apoptosis, leading to rickets.

Thus, circulating phosphate is a key determinant of hypertrophic chondrocyte apoptosis in vivo.1,2

The extracellular signal-regulated kinases, ERK1 and ERK2, regulate chondrocyte differentiation during

endochondral bone formation.3 ERK1/2 signaling is essential for the terminal differentiation of hypertro-

phic chondrocytes. Ablation of ERK1/2 in limb mesenchyme, or chondrocytes causes expansion of the hy-

pertrophic zone in the growth plate,3,4 consistent with the role of ERK1/2 in hypertrophic chondrocyte ter-

minal differentiation and apoptosis.

ERK1/2 are activated upon phosphorylation by mitogen-activated protein kinase 1/2 (MEK1/2), which in

turn are activated by upstream rapidly accelerated fibrosarcoma (RAF) kinases. There are three Raf kinases

in mammals: A-Raf, B-Raf, and C-Raf,5 which play a redundant role in the growth plate. Mice lacking all

three Raf isoforms in chondrocytes die neonatally and exhibit a significant expansion of the hypertrophic

chondrocyte layer of the growth plate, accompanied by decreased hypertrophic chondrocyte apoptosis.6

Mice with chondrocyte-specific ablation of A-Raf and B-Raf have normal long bone development7 whereas

chondrocyte-specific deletion of C-Raf results in expansion of hypertrophic chondrocytes due to increased

ubiquitin-dependent vascular endothelial growth factor (VEGF) degradation and impaired vascular inva-

sion.7,8 The PTH/PTHrP signaling pathway inhibits ERK1/2 activation,9 and delays chondrocyte maturation,

thereby maintaining the precise balance between proliferation and differentiation.7,10,11

While activation of mitochondrial ERK1/2 signaling is required for cleavage of caspase-9 and induction of

hypertrophic chondrocyte apoptosis in vivo and in vitro, the mechanism by which phosphate (Pi) activates

this signaling cascade has not been identified. Thus, an unbiased small-molecule screen of kinase inhibitors

was undertaken to identify inhibitors of phosphate-induced ERK1/2 activation in HC. These studies demon-

strated that the vascular endothelial growth factor receptor 2 (VEGFR2) signaling pathway not only senses

extracellular Pi but also mediates the biological effects of extracellular Pi on growth plate maturation.
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RESULTS

Small-molecule kinase inhibitor screening

Activation of Erk1/2 is required for phosphate-induced hypertrophic chondrocyte apoptosis. To identify

the upstream mediator of phosphate-induced ERK1/2 activation in hypertrophic chondrocytes, an unbi-

ased small-molecule kinase inhibitor screen was undertaken using the AlphaScreen SureFire p-ERK1/2

Assay. A total of 1438 unique small-molecule inhibitors were screened, and 28 compounds were identified

that inhibited Erk1/2 phosphorylation by more than 80% at a concentration of 11 mM (Table S1). Dose-

response studies demonstrated that, unlike the concentrations of Jak, ALK, EGFR, PDK1, and aurora kinase

inhibitors required to inhibit phosphate-induced pERK1/2 (1–2 mM), the VEGFR2 inhibitors axitinib and AG

13958 were able to do so at lower concentrations (100–200 nM), consistent with their reported IC50 in cell

models. Therefore, VEGFR2 was selected for further studies.

To confirm that VEGFR2 signaling is required for Pi-induced ERK1/2 activation, hypertrophic chondrocytes

were treated with the VEGFR2 inhibitors, brivanib and vandetanib for 2 h prior to adding Pi or sulfate (Si) as

a control anion (Figure 1A). Western analyses demonstrating inhibition of ERK1/2 phosphorylation by these

VEGFR2 inhibitors confirm the small-molecule screen results, identifying VEGFR2 as an upstreammediator

of Pi-induced ERK1/2 phosphorylation in hypertrophic chondrocytes.

VEGFR2 expression increases during hypertrophic differentiation of chondrocytes

Because phosphate-induced apoptosis of chondrocytes is differentiation dependent,1 expression of

VEGFR2 was examined in primary costal chondrocytes cultured for three (proliferative chondrocytes)

Figure 1. Pi-induced activation of VEGFR2 is required for Pi-induced ERK1/2 phosphorylation and caspase-9 cleavage

(A) HCs were pre-treated for 2 h with the VEGFR2 inhibitors brivanib and vandetanib followed by a 10 min treatment with 7 mM Si or 7 mM Pi. Western

analyses were performed using anti-pERK1/2 and anti-tERK1/2 antibodies.

(B) VEGFR2 mRNA expression day 3 (proliferative) and day 15 (hypertrophic) chondrocytes was evaluated by rt-qPCR and normalized for actin in the same sample.

(C) Protein lysates from similar samples were subjected to Western analyses using anti-VEGFR2 and anti-GAPDH antibodies.

(D) Densitometric quantification of western analyses was performed using blots obtained from three independent chondrocyte preparations. Data represent

mean +/� the SD; p value is indicated above the line.

(E) HCs were pre-treated for 2 h with brivanib or vandetanib, followed by 18 h of treatment with 7 mM Si or 7 mM Pi. Western analyses were performed using

anti-caspase-9 antibody. All data are representative of that obtained from at least three independent chondrocyte preparations.

(F) HCs were pre-treated for 2 h with ZM 323881 HCl (VEGFR2 inhibitor), Cl-1033 (EGFR inhibitor), or PDGFR-TKI (PDGFR Tyrosine Kinase Inhibitor IV),

followed by 18 h of treatment with 7 mM Si or 7 mM Pi. Western analyses were performed using anti-caspase-9 antibody. All data are representative of that

obtained from at least three independent chondrocyte preparations.
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and 15 days (hypertrophic chondrocytes). RT-qPCR analysis demonstrated that VEGFR2 mRNA expression

was upregulated 2.7 G 0.6-fold in hypertrophic vs. proliferative chondrocytes (Figure 1B). Consistent with

this, an increase in VEGFR2 protein expression was also observed during the hypertrophic differentiation of

primary chondrocytes (Figures 1C and 1D).

VEGFR2 inhibition impairs Pi-induced caspase-9 activation in HC

To determine if Pi-induced activation of VEGFR2 is required for HC apoptosis, HCs were pre-treated with

brivanib (250 and 500 nM) and vandetanib (100 and 500 nM) for 2 h prior to the addition of Pi or Si. As shown

in previous studies, Pi-induced caspase-9 cleavage,1,2 however, 2 h of pretreatment with the VEGFR2 inhib-

itors blocked Pi-induced activation of caspase-9 (Figure 1E). Pretreatment of HCs with ZM 323881 HCl,

another highly selective VEGFR2 inhibitor (500 nM and 1 mM), also blocked Pi-induced activation of

caspase-9 (Figure 1F), whereas pretreatment of HCs with selective inhibitors of EGFR (CI-1033), and

PDGFR (PDGFR Tyrosine Kinase Inhibitor IV) signaling failed to block Pi-induced activation of caspase-9

(Figure 1F). Thus, VEGFR2 signaling is required for phosphate-induced ERK1/2 phosphorylation and

caspase-9 activation, key events in phosphate-mediated hypertrophic chondrocyte apoptosis.

Pi induces phosphorylation of VEGFR2 in HCs

To evaluate whether phosphate directly activates VEGFR2, phosphorylation of VEGFR2 was examined

10 min after treatment of HCs with Pi, using two recombinant VEGFA splice variant proteins, VEGF-121

and VEGF-165, as positive controls. Both Pi and rhVEGF induced phosphorylation of VEGFR2 at tyrosine

996 (Y996) (Figure 2A). Previous studies have demonstrated that Pi-induced ERK1/2 phosphorylation re-

quires MEK1/2 activity.2 While pretreatment of hypertrophic chondrocytes with the MEK1/2 inhibitor

U0126 failed to block Pi-induced VEGFR2 phosphorylation (Figure 2A), it blocked both Pi and rhVEGF-

induced pERK1/2 (Figure 2B). This suggests that Pi and rhVEGF2 activate ERK1/2 by the same pathway

and that phosphorylation of VEGFR2 by rhVEGF and Pi is upstream of ERK1/2 activation. Like Pi, rhVEGF

induces cleavage of caspase-9 in HCs (Figure 2C) suggesting that activation of VEGFR2 signaling is the

mechanism by which Pi induces HC apoptosis.

Pi increases VEGFA bioavailability

Previous studies have demonstrated that VEGF ligands can be released from the plasma membrane via a

mechanism called shedding12,13 and can also be released from the matrix in response to matrix metallo-

proteinase (MMP) activity.14 To determine if Pi treatment leads to increased bioavailable VEGF, VEGFA

was quantitated in the conditioned medium of HCs treated with 7 mM Pi or 7 mM Si. A significant increase

in VEGFA in the cultured media was observed in response to 10 min of treatment with Pi (Figure 3A). Pre-

treatment of HCs with a Pan-MMP inhibitor (MMP-V) significantly inhibited the Pi-induced increase in VEGF

in the conditioned medium of HCs. Western blot analysis of lysates from the same chondrocytes revealed

that MMP inhibition attenuated Pi-induced ERK1/2 phosphorylation (Figures 3B and 3C). Thus, inhibiting

matrix metalloprotease activity attenuates phosphate-induced increases in conditioned media VEGFA

and pERK1/2 activation.

Chondrocyte-specific deletion of VEGFR2 impairs growth plate development in vivo

Since inhibiting VEGFR2 impairs Pi-induced ERK1/2 phosphorylation and hypertrophic chondrocyte

apoptosis in vitro, investigations were undertaken to define a role for chondrocyte VEGFR2 signaling dur-

ing long bone development in vivo. Mice lacking VEGFR2 in chondrocytes were generated by crossing

mice expressing the Cre recombinase under the control of collagen type II regulatory elements (ColII-

Cre) with VEGFR2f/KDR heterozygous mice,15 where one VEGFR2 allele is deleted in the germline (KDR)

and the other floxed (f) allele is recombined in chondrocytes. Despite this strategy, VEGFR2 mRNA expres-

sion in the hypertrophic chondrocytes of the ColII-Cre+; VEGFR2f/KDR remained at 66% that of VEGFR2f/f

mice (Figure 4A) and VEGFR2 protein expression was 33.3% that of VEGFR2f/f mice (Figures 4B and 4C).

The ColII-Cre+; VEGFR2f/KDRmice were born at the normalMendelian frequency andwere visually indistinguish-

able from their control littermates (ColII-Cre-; VEGFR2f/f) at birth. Their long bone phenotype was examined at

e15.5, the time of the vascular invasion as well as postnatally. H&E staining of humerus sections demonstrated a

decrease in vascular invasion at e15.5, P0, andP8, the latter timepoint exhibiting a delay in the appearance of the

secondary ossification center in ColII-Cre+; VEGFR2f/KDR embryos compared to VEGFR2f/f control littermates

(Figures 5A–5C). Consistent with this, decreased immunoreactivity of the endothelial cell marker, Endomucin

ll
OPEN ACCESS

iScience 26, 107548, September 15, 2023 3

iScience
Article



was observed. This was associatedwith expansion of theCol X-expressing hypertrophic chondrocyte zone of the

ColII-Cre+; VEGFR2f/KDR mice at e15.5, P0, and P8 (Figures 5A–5C). At P0, there was a 1.8-fold increase in the

number of hypertrophic chondrocytes per column in the ColII-Cre+; VEGFR2f/KDR mice versus control mice

(Figures 5A and5B), whereas at d8, the increasewas 1.3-fold. Thiswas accompaniedby a decrease in the number

of TUNEL-positive apoptotic hypertrophic chondrocytes (Figures 5A–5C).

Dietary phosphate restriction exacerbates the growth plate phenotype of ColII-Cre+;

VEGFR2f/KDR mice

Hypophosphatemia resulting from dietary phosphate restriction leads to expansion of the HC layer of the

growth plate in wild-type mice, due to impaired apoptosis of these cells.1 To evaluate whether diet-

induced hypophosphatemia worsens the phenotype of the ColII-Cre+; VEGFR2f/KDR growth plates,

VEGFR2f/f and ColII-Cre+; VEGFR2f/KDR mice were weaned onto a low-phosphate diet P18 and sacrificed

at P24.

Figure 2. Pi and VEGF ligands induce VEGFR2 tyrosine 996 phosphorylation, ERK1/2 phosphorylation, and

caspase-9 cleavage

(A) HCs were pretreated with the MEK inhibitor U0126 (30 mM) for 1 h, followed by treatment with 7 mM Si, 7 mM Pi,

rhVEGFA 121, or rhVEGFA 165 (50 ng/mL) for 10 min. Western analyses were performed using anti-p(Y996) VEGFR2 and

anti-total VEGFR2 antibodies.

(B) HCs were pretreated with the MEK inhibitor U0126 (30 mM) for 1 h, followed by treatment with 7 mM Si, 7 mM Pi,

rhVEGFA 121, or rhVEGFA 165 (50 ng/mL) for 10 min. Western analyses were performed using anti-pERK1/2 and anti-

tERK1/2 antibodies.

(C) HCs were treated with 7 mM Si, 7 mM Pi, rhVEGFA 121 or rhVEGFA 165 for 18 h. Western analyses were performed

using anti-caspase-9 antibody. Data are representative of that obtained from at least three independent chondrocyte

preparations. Cl-Casp9, Cleaved caspase-9.
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Phosphate restriction led to a significant decrease in serum Pi levels in mice of both genotypes; however,

there was no significant difference in the degree of hypophosphatemia between the two genotypes

(6.44 mg/dL in VEGFR2f/f vs. 6.02 mg/dL in ColII-Cre+; VEGFR2f/KDR mice, (p = 0.231). While diet-induced

hypophosphatemia led to the expansion of the HC layer of the growth plate, accompanied by decreased

apoptosis in mice of both genotypes, the number of HC in the growth plate of the phosphate-restricted

ColII-Cre+; VEGFR2f/KDR animals was further increased by 1.56-fold relative to that of the VEGFR2f/f mice

fed the same low-phosphate diet (p < 0.0001) (Figure 6). This expansion of the growth plate was accompa-

nied by a significant reduction in the number of TUNEL-positive hypertrophic chondrocytes (Figure 6).

DISCUSSION

Hypertrophic chondrocytes secrete angiogenic factors, including VEGF ligands which promote vascular in-

vasion, a crucial step in growth platematuration.16,17 Studies defining a role for the VEGF signaling pathway

in skeletal development and maturation have been hampered by the embryonic lethality of knockout

mouse models. Heterozygous germline loss of VEGF is embryonic lethal due to severe vascular defects.18

Similarly, germline deletion of VEGFR1 or VEGFR2 results in embryonic lethality at e8.5 and e9.5 due to de-

fects in the development of blood vessels, hematopoietic, and endothelial cells.15,19 While conditional

deletion of VEGF in ColII-Cre-expressing cells leads to embryonic lethality at e10.5 in most affected

offspring, the few fetuses that survive until e17.5 exhibit aberrant vascular invasion and expansion of the

hypertrophic zone of the growth plate in the developing tibia and humerus,20,21 suggesting a role for chon-

drocyte-derived VEGF in growth plate development.

Inhibiting VEGF signaling postnatally using a VEGF decoy receptor or a VEGF-blocking antibody causes

expansion of the hypertrophic chondrocyte layer of the growth plate in growingmice and primates, respec-

tively.17,22 Similarly, blocking VEGFR2 signaling using the small-molecule tyrosine kinase inhibitor vande-

tanib causes a dose-dependent expansion of the hypertrophic chondrocyte layer in growing rodents.23

These studies establish a role for VEGF/VEGFR2 signaling in growth plate maturation, however, do not

identify the mechanism nor the cell type in which signaling is required.

VEGF secreted by HCs is sequestered in the extracellular matrix.24 MMP9 activity is required to release this

VEGF and render it bio-available. Consistent with this, Mmp9 knockout mice, like mice lacking VEGF,

exhibit expansion of the hypertrophic chondrocyte zone of the growth plate, with impaired vascular inva-

sion.14,17,20,24 While these studies support a role for the VEGF signaling pathway in growth plate develop-

ment and maturation, they do not address whether the effects of VEGF are paracrine or autocrine. Howev-

er, our studies have addressed this, by demonstrating that inhibiting VEGFR2 signaling in hypertrophic

chondrocytes impairs phosphate-induced apoptosis of these cells in vitro and in vivo, resulting in impaired

Figure 3. Pi increases VEGFA bioavailability

(A) HCs were pretreated for 2 h with the pan-MMP inhibitor, MMP-V (10 mM) followed by treatment with Si (7 mM) or Pi (7 mM) for 10 min. ELISA was

performed to quantitate VEGFA in the conditioned media. Data represent the mean G SD; of that obtained from three to four independent chondrocyte

preparations; p values are indicated above the line.

(B) Western analyses of the treated HCs using anti-pERK1/2 & tERK1/2 antibodies. (C) Densitometric quantitation of western data in (B). Densitometric data

represent mean G SD; of that obtained from three to four independent chondrocyte preparations; p values are indicated above the line.
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growth plate maturation in vivo. They also demonstrated that VEGFR2 ligands are able to induce ERK1/2

phosphorylation and caspase-9-mediated apoptosis in hypertrophic chondrocytes. Thus, these investiga-

tions define a novel non-canonical role for VEGFR2 in transducing Pi signals andmediating its effects on HC

apoptosis and growth plate maturation.

Vitamin D is critical for normal growth plate maturation. Studies in mice lacking the vitamin D receptor

demonstrate that normalizingmineral ion levels, notably, phosphate, prevents the development of rickets,1,25

because phosphate induces ERK1/2 phosphorylation and activates the mitochondrial apoptotic pathway in

hypertrophic chondrocytes.2 Interestingly, the active metabolite of vitamin D, 1,25-dihydroxyvitamin D has

also been shown to activate pERK1/2, thus, can in part compensate for the effects of low phosphate.26 Since

ERK1/2 activation by 1,25-dihydroxyvitamin D requires several hours,26 and 1,25-dihydroxyvitamin D induces

the expression of VEGF in chondrocytes,27,28 it is possible that the actions of 1,25-dihydroxyvitamin D on

pERK1/2 are due to increases in VEGF which then activates VEGFR2 in chondrocytes. Consistent with this,

chondrocyte-specific inactivation of the vitamin D receptor or the enzyme required for vitamin D activation

(Cyp27b1) results in impaired vascular invasion and reduced VEGF expression.29,30

There has been increasing interest in the cell fate of growth plate chondrocytes. While our studies clearly

demonstrate that extracellular phosphate activates VEGFR2 signaling and apoptosis in hypertrophic chon-

drocytes, lineage-tracing studies demonstrate that cells labeled by chondrocyte-specific Cre drivers,

including Col II, Aggrecan, and Col10a-Cre, can give rise to skeletal stem cells, adipocytes, osteoblasts,

and osteocytes.31–35 While similar findings using three different Cre drivers diminish the likelihood that this

is due to the ‘‘leakiness’’ of the Cre driver, it has been challenging to determine the percentage of hypertro-

phic chondrocytes that undergo apoptosis versus trans-differentiation. It has also been challenging to deter-

mine the percentage of osteoblasts that derive from these labeled chondrocytes since quantitation has relied

primarily on histological imaging and immunohistochemistry of matrix proteins expressed by osteoblasts,

some of which are also expressed by late hypertrophic chondrocytes.36–38 The reported percentage of oste-

oblasts derived from chondrocytes has varied from 15% to 83%.32–34,39 Studies performed to address the po-

tential contribution of these cells to themature skeleton have revealed that, while chondrocyte-specific Runx2

deletion impairs trans-differentiation of chondrocytes to osteoblasts,39 this has no impact on bone structure,

volume, biomechanical, or static/dynamic histomorphometric parameters in six-week-old mice.39

Prevention and treatment of hypophosphatemic rickets has been challenging due to the numerous daily doses

of phosphate required and the rapid renal clearance of ingested phosphate. In addition, phosphate can induce

the expression of parathyroid hormone, which, in turn, increases renal phosphate losses. Studies have demon-

strated that 1,25-dihydroxyvitamin D can prevent growth plate expansion and impaired hypertrophic chondro-

cyte apoptosis seen in hypophosphatemic states.26,40,41 Our studies provide molecular insight into this effect, in

Figure 4. Chondrocyte-specific knockdown of VEGFR2 in vivo

(A) rt-qPCR analysis of RNA from cultured hypertrophic chondrocytes isolated from VEGFR2f/f and Col2Cre; VEGFR2f/KDR

mice.

(B) Western analyses of cultured hypertrophic chondrocytes isolated from VEGFR2f/f and Col2Cre; VEGFR2f/KDR mice

were performed using anti-VEGFR2 and anti-GAPDH antibodies.

(C) Densitometric quantitation of western analyses was performed using blots from three independent chondrocyte

preparations. Data represent the mean G SD; of that obtained from three to four experiments; the p value is indicated

above the line.
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that 1,25-dihydroxyvitamin D has been shown to increase mitochondrial pERK1/226 as well as induce expression

of VEGFR2 ligands in HCs,27,30 thus compensating for the decreased VEGFR2 activation seen in hypophospha-

temia. These studies also have therapeutic implications in that targeting VEGFR2 ligands to thematuring growth

plate would be expected to increase the therapeutic benefit of vitamin D metabolites. Our previous investiga-

tions1 have demonstrated that phosphate activates this signaling pathway inHCbut not in proliferative chondro-

cytes or NIH 3T3 fibroblastic cells; thus, the role of VEGFR2 signaling in phosphate-mediated vascular mineral-

ization remains unclear.

Limitations of the study

The current studies are limited by the modest knockdown in chondrocyte VEGFR2 expression in vivo,

despite the use of both a haploinsufficient and a floxed allele. However, despite this limited knockdown,

they establish a role for VEGFR2 signaling in normal growth plate development and maturation, as well

as in the prevention of rickets in hypophosphatemic states. They demonstrate that phosphate activates

MMP-dependent release of VEGFA from the surrounding matrix, which then activates VEGFR2 to induce

Figure 5. Chondrocyte-specific knockdown of VEGFR2 impairs growth plate development in vivo

(A–C) H&E staining was performed on humeral sections of e15.5 (5A), P0 (5B), and P8 (5C) mice. Brackets on H&E stained images at e15.5 indicate the region

of vascular invasion. Brackets on H&E stained images at P0 and P8 indicate the hypertrophic chondrocyte layer. Immunohistochemistry (IHC) for Endomucin,

an endothelial cell marker, demonstrated reduced vascular invasion in Col2Cre; VEGFR2f/KDR embryos. IHC for Collagen type X (Coll-X), a marker of

hypertrophic chondrocytes, demonstrated expansion of the HC layer in these embryos. A reduction in the number of pERK1/2-positive HCs in Col2Cre;

VEGFR2f/KDR embryos was observed at e15 and P0 (5A and 5B). TUNEL labeling (arrows) revealed a decrease in the number of apoptotic late HCs in Col2Cre;

VEGFR2f/KDR mice. Nuclei are stained blue with DAPI. TUNEL-positive cells were quantitated in the distal two rows of the HC layer at e15.5 (5A), P0 (5B), and

P8 (5C). Data represent the meanG SD of that obtained from four mice per group. The p value is indicated above the line. The scale bar represents 100 mM.
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the mitochondrial apoptotic pathway. These studies suggest that modulation of the VEGF/VEGFR2

signaling pathway may be beneficial in the prevention of hypophosphatemic rickets.

The limitations of the in vitro studies are the need to use small-molecule inhibitors to impair VEGFR2 signaling.

While highly selective inhibitors were used at doses consistent with their IC50 in cells, there are off-target effects

of these inhibitors at high doses. However, highly selective inhibitors for pathways affected by these off-target

effects (EGFR and PDGFR) do not impair caspase-9 activation by Pi, ruling out these signaling pathways. Due to

the robust matrix synthesized by chondrocytes during the 14 days differentiation process in vitro, efforts to

silence VEGFR2 in hypertrophic chondrocytes were unsuccessful, and silencing in early proliferative chondro-

cytes resulted in poor knockdown, presumably due to overgrowth of the uninfected cells.
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Danvers, Massachusetts, USA

Cat. #9504; RRID:AB_2275591

Anti-pVEGFR2 (Tyr996) Cell Signaling Technologies,

Danvers, Massachusetts, USA

Cat. #2474; RRID:AB_331023

Anti-VEGFR2 Cell Signaling Technologies,

Danvers, Massachusetts, USA

Cat. #2479; RRID:AB_2212507

Anti-VEGFR2 Bioss, Woburn, Massachusetts, USA Cat. #bs-10412; RRID AB_2942075

Anti-GAPDH Cell Signaling Technologies,

Danvers, Massachusetts, USA

Cat. #2118; RRID:AB_561053

Anti-rabbit IgG HRP Cell Signaling Technologies,

Danvers, Massachusetts, USA

Cat. #7074; RRID:AB_2099233

Anti-Endomucin Abcam, Waltham, Massachusetts, USA Cat. #ab106100; RRID:AB_10859306

Anti-Collagen type X ABclonal, USA Cat. #A6889; AB_2767448

Chemicals, enzymes, and recombinant proteins

Collagenase type -II Worthington, New Jersey, USA Cat. #LS004177

Dulbecco’s Modified

Eagle Medium (DMEM)

Corning, USA Cat. #10-013-CV

Fetal bovine Serum HyClone, Utah, USA Cat. #AMF-16453

Penicillin/Streptomycin Gibco, USA Cat. #10378016

Ascorbic acid Sigma, St. Louis, USA Cat. #A-2174

Brivanib Selleckchem, Texas, USA Cat. #S1084

Vandetanib Selleckchem, Texas, USA Cat. #S1046

ZM 323881 HCl Selleckchem, Texas, USA Cat. #S2896

MMP Inhibitor-V CAS 223472-31-9; Calbiochem, USA Cat. # 444290)

EGFR inhibitor, CI-1033 Sigma USA Cat. #C7249

PDGFR Tyrosine Kinase Inhibitor IV Sigma USA Cat. #521233

U0126 Cell Signaling Technologies,

Danvers, Massachusetts, USA,

Cat. #9903

BCA protein assay Pierce, Thermo Scientific, USA Cat. #23223

Fluoroshield� mounting

media with DAPI

Millipore Sigma, USA Cat. #F6057

West Dura ECL Thermo Scientific, USA Cat. #34075

Non-Fat dried milk BioRad, USA Cat. #1706404

Bovine Serum Albumin (BSA) Sigma Aldrich, St. Louis, USA Cat. #A9418

SuperScript Reverse Transcriptase II Invitrogen, Carlsbad, CA, USA Cat. #18064022

Phosphate restricted mouse diet Envigo, Indianapolis, USA Cat. #TD03486

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled

by the lead contact Marie B. Demay (demay@helix.mgh.harvard.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� This paper does not generate any RNASeq or Gene Expression Omnibus (GEO) related data.

� Any additional information required about the data reported in this paper is available from the lead

contact upon request.

� This paper does not report any original code.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Primary chondrocytes were isolated from the rib cages of 3-day-old WT mice using sequential digestion

with collagenase type-II (Worthington, New Jersey, USA). Chondrocytes were plated onto gelatin-coated

plates at a density of 3.0 X105/cm2 in Dulbecco’s Modified Eagle Medium (DMEM) (Corning, USA) supple-

mented with 10% fetal bovine serum (HyClone, Utah, USA), 1% penicillin/streptomycin (Gibco, USA). Once

chondrocytes reached confluence, cells were differentiated for two weeks, in media containing 25 mg/mL

ascorbic acid (Sigma, St. Louis, USA), at 37�C and 5% CO2 as previously described.1,42

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

rhVEGF (165) Abcam, Waltham, Massachusetts, USA Cat. #ab259412

rhVEGF (121) BioLegend, San Diego, CA, USA Cat. #583204

Critical commercial assays

SureFire ERK Assay Kit Perkin Elmer, Waltham, Massachusetts, USA Cat. #TGRES10K

VEGF ELISA Kit Bioss, Woburn, Massachusetts, USA Cat. #BSKM1018

In Situ Cell Death Detection Kit Roche, Sigma Germany Cat. #11684795910

Experimental models: Organisms/strains

Mouse: WT (C57BL/6J) The Jackson laboratory Strain #000664

Mouse: VEGFR2F/KDR The Jackson laboratory Strain #018977 (Ref. #15)

Mouse: Col2-Cre The Jackson laboratory Strain #003554 (Ref. #45)

Oligonucleotides

Mouse: VEGFR2 IDT 5’- FW AGCGTGATTCTGAGGAAAGG-3’

5’ REV-ACTGACAGAGGCGATGAATG-3’

Mouse: Actin IDT 5’ FW- CCTCTATGCCAACACAGTGC-3’

5’ REV- ACATCTGCTGGAAGGTGGAC-3’

Software and algorithms

GraphPad Prism Version 9.2.0 GraphPad Software,

San Diego, California, USA

https://www.graphpad.com

ImageJ NIH https://imagej.nih.gov/ij

Adobe Photoshop Version CS5.1 Adobe https://www.adobe.com/products/photoshop
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METHOD DETAILS

Small molecule inhibitor screening

Chondrocytes were plated in 384 well plates at a density of 2000 cells/well and grown in ascorbic acid sup-

plemented DMEM/10% FCS for two weeks to allow for hypertrophic differentiation. After incubation over-

night in DMEM with 0.5% FCS, small molecule inhibitors were added. One hour later, cells were treated

with sodium phosphate or control ion (sodium sulfate) for 15 min. A total of 1438 unique small-molecule

inhibitors from 4 compound libraries (Biomol 4 FDA Approved Drug library, EMD Kinase Inhibitor 1, SYN-

thesis med chem Kinase Inhibitor 2, Selleck Bioactive Compound library) were screened for compounds

that inhibit phosphate induced ERK1/2 phosphorylation in hypertrophic chondrocytes. The list of small

molecule kinase inhibitors screened in AlphaScreen SureFire Assay is provided in Table S1. The first and

second columns indicate the manufacturer and catalog number. The third column indicates the chemical

name and the fourth, the target of the inhibitor. The SureFire ERK Assay (PerkinElmer, Waltham, Massachu-

setts, USA) was used to detect ERK1/2 phosphorylation according to the manufacturer’s instructions.

Screening was conducted in duplicate. Twenty-eight compounds were identified that inhibited ERK1/2

phosphorylation by more than 80%. These were further evaluated for dose-response of inhibition of phos-

phate-induced pERK1/2 (from 11 mM to 2.2 nM).

Western blotting

Primary chondrocytes were pre-treated with inhibitors [Brivanib (Selleckchem, Texas, USA), Vandetanib

(Selleckchem, Texas, USA), MMP Inhibitor-V (CAS 223472-31-9; Calbiochem, USA), ZM 323881 HCl (Selleck-

chem, Texas, USA), EGFR inhibitor, CI-1033 (Sigma, USA), PDGFR Tyrosine Kinase Inhibitor IV (Sigma, USA),

U0126 (Cell Signaling Technologies, Danvers, Massachusetts, USA)] prior to treatment with phosphate (Pi),

rhVEGFA (Abcam, Waltham, Massachusetts, USA, (VEGF-165), BioLegend, San Diego, CA, USA, (VEGF-

121) or sulfate (Si). Protein concentration was measured using the BCA protein assay (Pierce, Thermo Sci-

entific, USA) and proteins were subjected to western analysis. Membranes were blocked with 5% non-fat

dried milk (BioRad, USA) or 5% BSA (Sigma Aldrich, St. Louis, USA) prior to incubation with antibodies

against pErk1/2 (1:1000; Cell Signaling Technologies), Erk1/2 (1:1000; Cell Signaling Technologies),

Cleaved Caspase 9 (1:500, Cell Signaling Technologies), pVEGFR2-Tyr996 (1:1000, Cell Signaling Technol-

ogies), total VEGFR2 (1:1000, Bioss), used for evaluating VEGFR2 knockdown, and total VEGFR2 (1:1000,

Cell Signaling Technologies) used for Western blot analysis.

Following incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (goat anti-rab-

bit IgG HRP antibody; 1:3000; Cell Signaling Technologies), anti-GAPDH (1:2000, Cell Signaling Technol-

ogies) signals were detected using West Dura ECL (Thermo-Scientific).

Densitometric analysis

Densitometric analysis of western blots was performed using ImageJ (NIH) software.43

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

RNA was isolated from chondrocytes using the RNeasyMicro Kit (Qiagen, Waltham, MA, USA). One mg of

total RNA was reverse-transcribed with SuperScript Reverse Transcriptase II (Invitrogen, Carlsbad, CA,

USA). Target genes expression was evaluated using a QuantStudio 3 thermocycler (Applied Biosystems,

Thermo Fisher Scientific, USA). Target gene expression was normalized for actin in the same sample,44 us-

ing the following primer sets: mouse VEGFR2 qPCR FW AGCGTGATTCTGAGGAAAGG, mouse VEGFR2

qPCR REV ACTGACAGAGGCGATGAATG, mouse Actin qPCR FW CCTCTATGCCAACACAGTGC, and

mouse Actin qPCR REV ACATCTGCTGGAAGGTGGAC.

ELISA assay

Mouse VEGFA was quantitated in the conditioned media of hypertrophic chondrocytes using a mouse VEGFA

ELISA kit (Bioss, Woburn, Massachusetts, USA Cat# BSKM1018) following the manufacturer’s protocol.

Animal studies

Animal studies were approved by the Massachusetts General Hospital Institutional Animal Care and Use

Committee. All mice were on a C57BL/6J, background, maintained in a virus- and parasite-free barrier fa-

cility, and exposed to a 12 h light/dark cycle. Mice with chondrocyte-specific ablation of VEGFR2 were

generated by mating mice expressing Cre recombinase driven by the collagen type II (Col2a1) promoter45
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with VEGFR2f/f mice.46 These mice were further mated with VEGFR2 heterozygous mice,15 to obtain mice

where one VEGFR2 allele is deleted in the germline and the floxed allele is recombined in chondrocytes.

The phenotype of mice with chondrocyte specific VEGFR2 knockdown [heterozygous germline VEGFR2

deletion (KDR), heterozygous for the floxed VEGFR2 allele, and heterozygous for the Col2-Cre transgene

(Col2Cre; VEGFR2f/KDR)] was compared to that of Cre-negative littermates homozygous for the VEGFR2

floxed allele (VEGFR2f/f).

For post-natal analysis, themice were weaned at 18 days of age onto a standard diet (Chow) or onto a phos-

phate restricted diet ((Envigo TD03486, Indianapolis, USA).47 Growth plates were analyzed at 24 days

of age.1

Histology and immunohistochemistry

Bones were fixed in 10% formalin-PBS (pH 7.4) overnight at 4�C prior to processing for paraffin sectioning.

Growth plate morphology was evaluated by Hematoxylin and Eosin (H&E) staining of 5 mM paraffin sec-

tions.2,6 Sections were also subjected to immunohistochemistry to evaluate the expression of type-X

collagen (1/300, ABclonal, USA), pERK1/2 (1/500, Cell Signaling Technologies), and Endomucin (1/200, Ab-

cam, Waltham, Massachusetts, USA) as previously reported.2,6

Tunel assay

Apoptosis of hypertrophic chondrocytes was evaluated using TUNEL based in situ cell death detection kit

(Roche Diagnostics, USA) as previously reported.1 Sections were permeabilized with 2 ug/ml proteinase K

for 30 min at 37�C and incubated with TUNEL reaction mix for 2 h at 37�C, followed by washing with 1X

phosphate buffered saline and mounted with antifade mounting media (Fluoroshield with DAPI Sigma,

St. Louis, USA).

Serum biochemistry

Serum phosphorous was measured using the phosphate assay kit (Abcam, Cambridge, MA, USA) following

the manufacturer’s protocol.47

QUANTIFICATION AND STATISTICAL ANALYSIS

The Student’s t test was performed (using Prism version 9.2.0, GraphPad Software, San Diego, California,

USA) to evaluate statistical significance. A p value <0.05 was considered significant.
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