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HIF-1α metabolically controls collagen synthesis 
and modification in chondrocytes
Steve Stegen1,12, Kjell Laperre1,12, Guy eelen2,3, Gianmarco rinaldi4,5, Peter Fraisl2,3, Sophie torrekens1, riet Van Looveren1, 
Shauni Loopmans1, Geert Bultynck6, Stefan Vinckier2,3, Filip Meersman7, Patrick H. Maxwell8, Jyoti rai9, MaryAnn Weis9,  
David r. eyre9, Bart Ghesquière10, Sarah-Maria Fendt4,5, Peter Carmeliet2,3,11 & Geert Carmeliet1*

Endochondral ossification, an important process in vertebrate 
bone formation, is highly dependent on correct functioning of 
growth plate chondrocytes1. Proliferation of these cells determines 
longitudinal bone growth and the matrix deposited provides a 
scaffold for future bone formation. However, these two energy-
dependent anabolic processes occur in an avascular environment1,2. 
In addition, the centre of the expanding growth plate becomes 
hypoxic, and local activation of the hypoxia-inducible transcription 
factor HIF-1α is necessary for chondrocyte survival by unidentified 
cell-intrinsic mechanisms3–6. It is unknown whether there is a 
requirement for restriction of HIF-1α signalling in the other regions 
of the growth plate and whether chondrocyte metabolism controls 
cell function. Here we show that prolonged HIF-1α signalling in 
chondrocytes leads to skeletal dysplasia by interfering with cellular 
bioenergetics and biosynthesis. Decreased glucose oxidation 
results in an energy deficit, which limits proliferation, activates 
the unfolded protein response and reduces collagen synthesis. 
However, enhanced glutamine flux increases α-ketoglutarate 
levels, which in turn increases proline and lysine hydroxylation 
on collagen. This metabolically regulated collagen modification 
renders the cartilaginous matrix more resistant to protease-
mediated degradation and thereby increases bone mass. Thus, 
inappropriate HIF-1α signalling results in skeletal dysplasia caused 
by collagen overmodification, an effect that may also contribute to 
other diseases involving the extracellular matrix such as cancer and 
fibrosis.

To investigate whether strict regulation of hypoxia-inducible tran-
scription factor (HIF) signalling is necessary for growth plate chon-
drocyte function, we conditionally inactivated HIF prolyl hydroxylase 
2 (PHD2, encoded by Phd2 (also known as Egln1)), its main negative 
regulator7, in these cells. These Phd2chon− mice exhibited accumulation 
of HIF-1α in chondrocytes (Extended Data Fig. 1a–d).

Phd2chon− mice displayed skeletal dysplasia, characterized by 
impaired longitudinal bone growth and increased trabecular bone mass 
(Fig. 1a, b, Extended Data Fig. 1e, f). The growth plate was shorter than 
in wild-type mice, but normally organized and, notably, the high bone 
mass was not caused by altered bone resorption or formation (Extended 
Data Fig. 1g–l). Instead, we observed an increase of cartilage remnants 
in the bony trabeculae, evidenced by an increase in type II collagen 
(COL2)-positive and proteoglycan-rich matrix (Fig. 1c, Extended Data 
Fig. 1m). Decreased serum CTx-II levels, a measure of COL2 degra-
dation, indicated that the cartilage matrix was incompletely resorbed, 
and the unaltered chondrocyte-to-matrix ratio suggested a qualitative, 
rather than quantitative, change in matrix properties (Extended Data 

Fig. 1j, n). Thus, inactive oxygen sensing in chondrocytes increases 
trabecular bone mass, caused by abundant cartilage remnants, which 
are likely to be a result of modifications in the cartilage matrix itself.

As expected7,8, HIF-1α stabilization in PHD2-deficient chondro-
cytes resulted in metabolic reprogramming. Mitochondrial content 
was reduced, probably owing to decreased biogenesis without a change 
in autophagy (Extended Data Fig. 2a–c). Consistently, mitochondrial  
oxygen consumption was decreased, making centrally localized 
chondrocytes less hypoxic (Extended Data Fig. 2d, e). Oxidation of  
glucose and fatty acids, but not glutamine, was decreased (Extended 
Data Fig. 2f). However, the compensatory increase in glycolytic flux did 
not avoid energy distress, indicated by decreased ATP content, energy 
charge, energy status and activation of AMP-activated protein kinase 
signalling (AMPK) (Fig. 1d, Extended Data Fig. 2g–l). However, in 
spite of the energy deficit, apoptosis was not increased (Extended Data 
Fig. 2m, n). The metabolic changes and energy deficit were reversed 
by silencing HIF-1α, indicating that they were mediated by HIF-1α 
(Extended Data Fig. 3a–g). Thus, although chondrocytes generate the 
majority (more than 60%) of their ATP through glycolysis (Extended 
Data Fig. 2o), they require oxidative metabolism to avoid energy  
distress. This implies that HIF-1α signalling must be controlled in these 
cells.

To survive with an energy deficit, cells decrease their energy- 
consuming activities9,10; we observed such adaptations in 
PHD2-deficient chondrocytes. First, proliferation, measured by  
5-bromo-2′-deoxyuridine (BrdU) incorporation, was decreased (Fig. 1e, 
Extended Data Fig. 2p). Second, there was a reduction in activity of ATP-
consuming ion-transport mechanisms, including decreased Na+/K+  
ATPase protein levels and lower activity of the sarco/endoplasmic retic-
ulum calcium-ATPase (SERCA), as shown by reduced Ca2+ release 
upon addition of the SERCA inhibitor thapsigargin (Extended Data 
Fig. 2q–s). The decreased SERCA activity was caused by the energy 
deficit, as normalizing ATP levels restored the Ca2+-loading capacity 
of the endoplasmic reticulum in the PHD2-deficient chondrocytes 
(Extended Data Fig. 2t). Third, energy shortage affected matrix produc-
tion, as abundant energy is required for protein synthesis in specialized 
secretory cells11. PHD2-deficient chondrocytes displayed decreased 
global protein synthesis and decreased synthesis of specific proteins 
including collagen and proteoglycans (Fig. 1f, Extended Data Fig. 2u, v).  
The decreased protein synthesis was not caused by altered activity of 
mammalian target of rapamycin (mTOR), but rather by activation of 
the unfolded protein response (UPR), as shown by increased levels 
of binding immunoglobulin protein and activation of endoplasmic 
reticulum stress sensors (Extended Data Fig. 4a–h). The decreased 
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proliferation and protein synthesis were restored by HIF-1α knock-
down (Extended Data Fig. 3h–k). Thus, the energy stress in PHD2-
deficient chondrocytes reduces energy expenditure in processes 
including proliferation and protein synthesis.

Despite the decreased collagen synthesis by PHD2-deficient 
chondrocytes, total and extracellular COL2 content was increased, 
as demonstrated by gel electrophoresis, immunostaining, Fourier-
transformed infrared spectroscopy (FTIR) and transmission electron 
microscopy (Figs. 1f, 2a, Extended Data Fig. 5a–d). To explain this 
discrepancy, we proposed that collagen turnover was decreased as a 
result of altered post-translational modifications. Gene expression  
levels of collagen-modifying enzymes was increased in PHD2-deficient 
chondrocytes (Fig. 2b), including that of collagen prolyl hydroxylases 
(P4HA1 and P4HA2, which are associated with protein disulfide 
isomerase (PDI), and P3H1), lysine hydroxylases (PLOD1 and PLOD2) 
and lysyl oxidase (LOX). Proline hydroxylation enhances the stability of 
the collagen triple helices and lysine modifications increase crosslink-
ing12. Hydroxyproline content was increased in the growth plate of 
Phd2chon− mice, mainly because of increased hydroxylation of numer-
ous proline residues in COL2 (Fig. 2c, d, Extended Data Fig. 5e, f).  
COL2 Lys87 was also more frequently hydroxylated; this, together with 
the increased Lox expression, explains the increased hydroxylysylpyrid-
inoline cross-links and total pyridinoline levels (Fig. 2e, Extended 
Data Fig. 5e). Thus, the collagen fibrils showed a marked increase 
in cross-linking in the growth plates of the mutant mice. Collagen 
modifications can affect collagen breakdown13,14 and, indeed, colla-
gen fibres in growth plates from the mutant mice were more resistant 
to degradation by matrix metalloproteinase 9 (MMP9) or MMP13 
(Fig. 2f). These findings explain the decreased CTx-II serum levels, 
the increased collagen density in the growth plates and the presence 
of cartilage remnants in Phd2chon− mice (Figs. 1c, 2a, Extended Data 
Fig. 1j). Moreover, increased collagen cross-linking promotes extracel-
lular matrix mineralization15, and thereby increases mineralization of 
growth plates (Extended Data Fig. 5g–j). These effects were mediated 
by HIF-1α; decreasing HIF-1α levels in PHD2-deficient chondrocytes 

was sufficient to reverse the increase in hydroxyproline levels, pre-
vented the accumulation of collagen remnants and normalized bone 
mass in an ectopic model of endochondral ossification16 (Extended 
Data Figs. 3l, 6a, d, e). Of note, proline or lysine hydroxylation and 
matrix metalloprotease-mediated degradation of COL1 produced 
by osteogenic cells was not altered, indicating a COL2-specific effect 
(Extended Data Fig. 5k–n). Thus, HIF-1α-induced metabolic changes 
in PHD2-deficient chondrocytes reduce collagen synthesis but enhance 
collagen modifications, resulting in a denser collagen matrix that hin-
ders cartilage degradation.

The enzyme activities of P4HA, P3H1 and PLOD are highly depend-
ent on the availability of the metabolic co-substrate α-ketoglutarate 
(αKG) relative to the inhibitory metabolites succinate and fumarate17,18. 
Consistent with the increased enzyme levels in PHD2-deficient chon-
drocytes, intracellular αKG levels were increased by 400% in a HIF-
1α-dependent manner, resulting in higher αKG/succinate (2.2-fold) 
and αKG/fumarate (2.3-fold) ratios (Fig. 3a, Extended Data Figs. 3m, 
7a, b). The increased αKG concentration did not derive from glucose 
but from glutamine, through increased HIF-1α-regulated expression of 
glutaminase 1 (GLS1) (Fig. 3b, Extended Data Fig. 7c–e). Of note, glu-
tamine was primarily metabolized in the tricarboxylic acid (TCA) cycle 
via reductive carboxylation (Extended Data Fig. 7f, g). The increased 
conversion of glutamine to αKG, thereby favouring collagen hydrox-
ylation, distinguishes chondrocytes from tumour cells in two aspects. 
First, metastasizing breast tumour cells metabolize pyruvate to αKG 
to regulate collagen synthesis and modification19. We excluded the 
possibility of extracellular pyruvate as the nutritional source for αKG 
in chondrocytes, because blocking the pyruvate transporter monocar-
boxylate transporter 2 did not affect properties of collagen or bone in 
wild-type and PHD2-deficient cells or mice, respectively (Extended 
Data Fig. 8a–i). Second, in many malignant cells, glutamine functions 
as a carbon donor for the synthesis of proline20, a major building block 
of collagen. However, deletion of PHD2 did not alter the fractional 
contribution of 13C5-glutamine to proline in chondrocytes and did not 
affect intracellular proline levels (Extended Data Fig. 5o, p). Together, 
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Fig. 1 | Skeletal dysplasia in Phd2chon− mice. a, Safranin O staining of the 
growth plate of neonatal (postnatal day 2.5 (P2.5)) mice, showing length 
of the proliferating zone (PZ), hypertrophic zone (HZ) and total length 
(TL). n = 8 mice. Scale bar, 250 µm. b, 3D micro-computed tomography 
(microCT) models of the tibial metaphysis and quantification of trabecular 
bone volume (TBV) in neonatal (n = 10 mice) and adult (14 weeks; n = 10 
Phd2chon+ mice, n = 8 Phd2chon− mice) mice. c, Safranin O staining of 
the tibia of adult mice with quantification of the percentage Safranin 
O-positive matrix (red, SafO+) relative to bone volume (BV). n = 8 
Phd2chon+, n = 9 Phd2chon− mice. Scale bar, 100 µm.  

d, Immunoblots showing total AMPK and AMPK phosphorylated on 
Thr172 (p-AMPKT172), with quantification of p-AMPKT172/AMPK 
ratio. Blots representative of 4 independent experiments are shown. 
e, BrdU staining of neonatal growth plates. The percentage of BrdU+ 
cells is shown. n = 6 mice. Scale bar, 100 µm. f, Collagen synthesis in 
cultured chondrocytes. n = 8 biologically independent samples. Data 
are mean ± s.d. (a–c, e), or mean ± s.e.m. (d, f). **P < 0.01 (c, d, f); 
***P < 0.001 (a, b, e); two-sided Student’s t-test versus Phd2chon+. Exact  
P values: 0.0000002 (TL; a), 0.00001 (PZ; a), 0.0005 (HZ; a), 0.00001 (P2.5; 
b), 0.0006 (14 weeks; b), 0.004 (c), 0.004 (d), 0.0002 (e), 0.0004 (f).
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these data suggest that PHD2 inactivation stimulates, via GLS1, the 
flux of glutamine to αKG, which supplies the TCA cycle and supports 
αKG-dependent collagen hydroxylation.

To validate the importance of αKG availability for collagen hydroxy-
lation, we took two approaches. First, administration of dimethyl-αKG 
did not affect energy homeostasis or expenditure in wild-type chon-
drocytes, but increased growth plate hydroxyproline levels, resulting 
in more COL2-positive cartilage remnants and increased bone mass in 

wild-type mice. These effects were not caused by HIF-1α-driven gene 
expression (Extended Data Fig. 9a–k). αKG-treated mutant mice did 
not display further changes in collagen or bone, probably because col-
lagen hydroxylase activity was already at the maximum level (Extended 
Data Fig. 9a–k). Second, treating PHD2-deficient chondrocytes with 
the GLS1 inhibitor bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)
ethyl sulfide (BPTES) decreased intracellular αKG levels, because the 
fractional contribution from 13C5-glutamine was reduced. This meta-
bolic effect explains the normalization of the enhanced hydroxyproline 
levels and the increased amount of COL2-positive cartilage remnants 
and the higher bone volume seen in BPTES-treated PHD2-deficient 
mice (Fig. 3c, d, Extended Data Fig. 7a, e, h, i). This BPTES-induced 
decrease in αKG had no effect on the increased HIF-1α levels or its 
target enzymes involved in collagen hydroxylation, nor on energy- 
related parameters (Extended Data Fig. 7j–o). Administration of 
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dimethyl-αKG to BPTES-treated mutant chondrocytes or mice re- 
established the mutant phenotype with respect to collagen levels and 
bone volume (Fig. 3c, d, Extended Data Fig. 7h, i), further confirming 
that PHD2-deficient chondrocytes rely on glutamine-derived αKG 
to support enhanced collagen hydroxylation. GLS1 inhibition also 
negatively affected collagen and bone properties in wild-type mice 
and impaired chondrocyte proliferation, suggesting that glutamine 
metabolism controls multiple cell functions during bone development  
(Fig. 3c, d, Extended Data Fig. 7h, i, m, n). Finally, the effects of phar-
macological GLS1 inhibition were confirmed genetically in vitro and in 
vivo, using an ectopic endochondral bone formation model (Extended 
Data Fig. 6b, d–f, h–k). Together, these data indicate that the primary 
role of glutamine in PHD2-deficient chondrocytes is not to support 
oxidative ATP generation, but to facilitate collagen hydroxylation.

Glucose metabolism, on the other hand, controls energy balance in 
PHD2-deficient chondrocytes, as the switch from glucose oxidation to 
glycolysis resulted in energy deficit (Fig. 1d, Extended Data Fig. 2f–l). To 
confirm this, we treated PHD2-deficient chondrocytes with the pyru-
vate dehydrogenase kinase (PDK) inhibitor dichloroacetic acid (DCA), 
resulting in increased glucose oxidation and oxygen consumption, 

without affecting palmitate and glutamine oxidation, but causing 
reduced glycolysis (Extended Data Fig. 10a–e). DCA treatment had no 
effect in wild-type cells. However, DCA treatment of PHD2-deficient 
chondrocytes corrected the energy deficit, restored proliferation and 
prevented UPR activation, accompanied by increased collagen syn-
thesis and hydroxyproline levels (Fig. 4a, b, Extended Data Fig. 10f–j).  
These metabolic changes further increased the amount of COL2-positive 
cartilage remnants and, consequently, mineralized bone mass (Fig. 4c, 
Extended Data Fig. 10k, l). Consistent with these results, silencing  
PDK1 using short hairpin RNA (shRNA) normalized proliferation of 
PHD2-deficient chondrocytes and resulted in accumulation of carti-
lage remnants in ectopic bone ossicles (Extended Data Fig. 6c–e, g–k).  
The increase in cartilage remnants in DCA-treated mutant mice can 
be explained by the restoration of collagen synthesis in combination 
with the increased αKG levels, which favour collagen hydroxylation. 
Indeed, co-administration of BPTES to DCA-treated mutant mice nor-
malized the increase in αKG and hydroxyproline levels, COL2-positive 
cartilage remnants and mineralized bone mass to the levels of wild-type 
mice, changes that were not caused by transcriptional effects (Fig. 4c, 
Extended Data Fig. 10j–n). Taken together, confined HIF signalling 
permits oxidative glucose metabolism in chondrocytes to maintain 
optimal energy balance during endochondral ossification.

Thus, despite their avascular environment, growth plate chondro-
cytes require PHD2-regulated HIF-1α inactivation to avoid meta-
bolically induced skeletal dysplasia. Glycolysis is the most important 
energy-producing pathway in chondrocytes, but glucose oxidation is 
needed for adequate proliferation and protein synthesis, and these path-
ways thus require controlled HIF-1α activation. Furthermore, HIF-1α 
signalling not only regulates collagen modifications transcriptionally, 
but also metabolically by controlling glutamine-derived co-substrate 
levels that stimulate enzyme activity. In sum, the PHD2 oxygen sensor 
is a central gatekeeper of chondrocyte metabolism that controls bone 
growth and mass. Our findings also have important translational impli-
cations, as several pathologies are associated with changes in extra-
cellular matrix deposition and/or remodelling such as cancer19,21, 
osteogenesis imperfecta22 and fibrosis23. Further research is needed to 
explore the therapeutic potential of metabolically targeting the collagen 
defects in these diseases23,24.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
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MEthodS
Animals. Chondrocyte-specific deletion of PHD2 was obtained by crossing Phd2fl/fl  
mice (exon 2 was flanked by LoxP sites, mice were generated as described25) 
with transgenic mice expressing Cre recombinase under the control of the type 
II collagen (Col2a1) gene promoter26 (Col2-cre+Phd2fl/fl, referred to as Phd2chon−). 
Col2-cre−Phd2fl/fl (referred to as Phd2chon+) littermates were used as controls in 
all experiments. Analysis was performed on 2.5-day-old (P2.5), 10 day-old (P10) 
or 14-week-old male mice unless stated otherwise. Dichloroacetic acid (DCA; 
100 µg/g body weight), BPTES (25 µg/g body weight), dimethyl-α-ketoglutarate 
(dimethyl-αKG; 50 µg/g body weight) or α-cyano-4-hydroxycinnamic acid (MCT2 
inhibitor, MCT2i; 60 µg/g body weight) were administered daily via intraperito-
neal injection from P2.5 to P9.5. DCA, BPTES and dimethyl-αKG were dissolved 
in DMSO, α-cyano-4-hydroxycinnamic acid was dissolved in a mix containing 
1.5% DMSO, 60% β-cyclodextrin, 35% polyethylene glycol and 5% ethanol and 
pH neutralized with NaOH. All components were from Sigma-Aldrich. For mouse 
experiments, researchers blinded to the group allocation performed analysis. Mice 
were bred in conventional conditions in our animal housing facility. All procedures 
involving animals and their care were approved by the Institutional Animal Care 
and Research Advisory Committee of the KU Leuven.

Southern blot analysis was used to assess the recombination efficiency and 
specificity in Phd2chon− mice. Genomic DNA was digested overnight with EcoR1. 
Fragments were separated on a 0.7% agarose gel, which was subsequently incubated 
for 30 min in denaturation buffer (0.5 M NaOH, 1.5 M NaCl), followed by 30 
min in neutralization buffer (1.5 M NaCl, 0.5 M Tris-HCl pH 7.2, 1 mM EDTA). 
The gel was then soaked in 10× SSC solution for 10 min before capillary transfer 
overnight. The blot was incubated with a probe (PCR fragment from genomic 
sequence) which was labelled with 32P-CTP using the RedPrime II Random Prime 
Labelling System (GE Healthcare) according to the manufacturer’s instructions.
Cell culture. Isolation and culture of growth plate chondrocytes. Primary growth 
plate chondrocytes were isolated as described27. In brief, chondrocytes were iso-
lated from growth plates of the proximal tibia and distal femur of 5-day-old mice. 
After removal of the perichondrium, isolated growth plates were pre-digested on 
a shaker for 30 min at room temperature with 0.1% collagenase type II (Gibco) 
dissolved in culture medium (DMEM/F12 medium supplemented with 10% fetal 
calf serum (FCS), 100 units/ml penicillin, 50 µg/ml streptomycin, 50 µg/ml ascor-
bic acid, and 100 µg/ml sodium pyruvate; all from Gibco). The remaining growth 
plate fragments were subsequently digested in 0.2% collagenase type II for 3 h on 
an incubator shaker at 37 °C. The cell suspension obtained from the second digest 
was filtered through a 40-µm nylon mesh and single cells were recovered by cen-
trifugation. Primary chondrocytes were seeded at a density of 5.7 × 105 cells/cm2 
and medium was changed every other day. Cells were treated with DCA (1 mM), 
BPTES (5 µM), dimethyl-αKG (0.5 mM), MCT2i (1.5 mM), chloroquine (10 µM) 
or DMSO as vehicle control.
Chondrocyte micromass cultures. To assess micromass mineralization, 2 × 105 
chondrocytes were seeded in a 10-µl droplet of growth medium and left to adhere 
for 2 h. Subsequently, growth medium supplemented with 50 µg/ml ascorbic acid 
and 4 mM β-glycerophosphate (both Sigma-Aldrich) was added. After 6 days, 
micromasses were stained with Alizarin red and Alizarin red staining intensity 
was quantified by measuring absorbance at 405 nm after dye extraction with 10% 
acetic acid.
Primary osteoclast culture. For in vitro osteoclast formation, bone marrow cells 
(collected by flushing long bones) were plated overnight in αMEM containing 
10% FCS, 100 units/ml penicillin and 50 µg/ml streptomycin (all from Gibco). 
Non-adherent cells were collected after 72 h and plated in αMEM supplemented 
with 20 ng/ml macrophage colony-stimulating factor (M-CSF; Bio-Techne) and 
100 ng/ml receptor activator of nuclear factor kappa-B ligand (RANKL; Peprotech) 
(on day 1). At day 6, osteoclast differentiation was assessed by tartrate-resistant acid 
phosphatase (TRAP) staining. Cells were fixed in 4% paraformaldehyde for 10 min, 
followed by permeabilization with 0.1% Triton X-100 for 1 min and incubation in 
0.1 M sodium acetate containing naphtol AS-MX phosphate (Sigma-Aldrich), Fast 
Red violet LB salt (Sigma-Aldrich) and dimethylformamide (Merck). Positively 
stained cells containing 3 or more nuclei were considered as osteoclasts.
Periosteal cell culture. Skeletal progenitor cells from the periosteum were isolated 
as described before16. In brief, stromal cells from the periosteum were released by a 
twofold collagenase–dispase digest (3 mg/ml collagenase and 4 mg/ml dispase) and 
cultured in αMEM with 2 mM glutaMAX-1, containing 10% FCS, 100 units/ml  
penicillin and 50 µg/ml streptomycin (all from Gibco).
Isolation and culture of primary osteoblasts. Primary osteoblasts were isolated from 
the calvaria of 5-day-old mice or from the long bones of 8-week-old mice as pre-
viously described28. Primary calvarial osteoblasts were prepared by six sequential 
digestions in a collagenase–dispase mixture (3 mg/ml collagenase and 4 mg/ml 
dispase in αMEM with 2 mM glutaMAX-1, containing 100 units/ml penicillin and 
50 µg/ml streptomycin). Cells isolated in fractions 2 to 6 were pooled and cultured 
until confluence in αMEM with 2 mM glutaMAX-1, containing 10% FCS, 100 

units/ml penicillin and 50 µg/ml streptomycin. To isolate trabecular osteoblasts, 
long bones were first incubated in collagenase–dispase mixture for 20 min at 37 °C 
to remove remaining periosteal cells. Next, epiphyses were cut away and bone mar-
row was flushed out. The remaining bone was cut into small pieces and trabecular 
osteoblasts were isolated by incubating the fragments with the collagenase–dispase 
mixture for 30 min at 37 °C. Cells were passed through a 70-µm nylon mesh (BD 
Falcon), washed twice and cultured in αMEM with 2 mM glutaMAX-1 containing 
10% FCS, 100 units/ml penicillin and 50 µg/ml streptomycin.
Knockdown strategies. To silence HIF-1α ( 5′- CC GG TG GA TA GC GA TA T 
G GT CA AT GC TC GA GC AT TG AC CA TATCGCTATCCATTTTTG-3′), GLS1  
(5′-CCGGGAGGGAAGGTTGCTGATTATACTCGAGTATAATCAGCAACCT 
TCCCTCTTTTTG-3′) or PDK1 (5′-CCGGGCCTGTTAGATTGGCAA  
ATATCTCGAGATATTTGCCAATCTAACAGGCTTTTTG-3′), we transduced 
cells in the presence of 8 µg/ml polybrene (Sigma-Aldrich) with a lentivirus car-
rying gene-targeting shRNA (MOI 25) as described29,30. A nonsense scrambled 
shRNA sequence was used as negative control. To silence PHD2 in periosteal cells, 
we transduced cells isolated from Phd2fl/fl mice with an adenovirus carrying a cre 
recombinase. An adenovirus carrying an empty vector was used as negative control. 
After 24 h, virus-containing medium was changed to normal culture medium and 
48 h later, cells were used for further experiments.
RNA analysis. RNA was isolated and purified with the RNeasy Mini Kit (QIAGEN) 
according to the manufacturer’s instructions. cDNA was synthesized from 1 µg 
RNA using reverse transcriptase Superscript II RT (Thermo Fisher Scientific). 
Analysis of gene expression was performed by Taqman quantitative RT–PCR 
using custom-made primers and probes, or premade primer sets (Integrated DNA 
Technologies). Expression levels were normalized relative to the expression of Hprt. 
For quantification of gene expression, the ΔΔCt method was used. Sequences or 
premade primer-set identification numbers are available upon request.
Protein analyses by western blot and ELISA. For whole cell lysates, cells were 
rinsed with ice-cold PBS and lysed in a total cell lysis buffer (50 mM Tris-HCl pH 
8.5, 150 mM NaCl, 0.1% SDS, 1% NP40, 1% sodium desoxycholate, supplemented 
with 1 mM PMSF, 5 µg/ml aprotinin, 5 µg/ml leupeptin and 0.33 µg/ml antipain). 
Nuclear protein fractions were prepared by lysing the cells, first in a hypotonic 
buffer (20 mM Hepes pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 0.5% 
NP40, 1 mM DTT, supplemented with 1 mM Na3VO4, 20 mM NaF, 1 mM PMSF,  
5 µg/ml aprotinin, 5 µg/ml leupeptin and 0.33 µg/ml antipain) for 15 min at 4 °C, 
followed by mechanical disruption of the cell membranes. Nuclei were pelleted 
from the lysates by centrifugation. The pellet was resuspended in a nuclear extrac-
tion buffer (50 mM Hepes pH 7.9, 500 mM NaCl, 1% NP40, supplemented with 1 
mM PMSF, 5 µg/ml aprotinin, 5 µg/ml leupeptin and 0.33 µg/ml antipain) and after 
sonication incubated for 15 min at 4 °C. Protein concentrations were determined 
with the BCA Protein Assay Reagent (Thermo Fisher Scientific).

Proteins were separated by SDS–PAGE under reducing conditions and trans-
ferred to a nitrocellulose membrane (GE Healthcare). Membranes were blocked 
with 5% dry milk or bovine serum albumin (Sigma-Aldrich) in Tris-buffered 
saline with 0.1% Tween-20 for 60 min at room temperature and incubated over-
night at 4 °C with primary antibodies against PHD2 (Bio-Techne), HIF-1α (Bio-
Techne), HIF-2α (Abcam), phosphorylated AMPK (Thr172, p-AMPKT172; Cell 
Signaling Technologies), AMPK (Cell Signaling Technologies), Na+/K+ ATPase 
(Cell Signaling Technologies), LC3-II (Cell Signaling Technologies), C-Myc (Cell 
Signaling Technologies), BiP (Santa Cruz Biotechnologies), phosphorylated eIF2α 
(Cell Signaling Technologies), eIF2α (Cell Signaling Technologies), ATF4 (Santa 
Cruz Biotechnologies), ATF6 (Bio-Techne), COL2 (Merck), glutaminase 1 (GLS1; 
Abcam), GLS2 (Abcam), phosphorylated mTOR (Serine 2448, p-mTORS2448; Cell 
Signaling Technologies), mTOR (Cell Signaling Technologies), phosphorylated 
p70 S6 kinase (Threonine 389, p-p70 S6KT389; Serine 371, p-p70 S6KS371; Cell 
Signaling Technologies), p70 S6K (Cell Signaling Technologies), phosphorylated 
S6 (Serine 235 and 236, S6S235/236; Cell Signaling Technologies), S6 (Cell Signaling 
Technologies), phosphorylated 4E-BP1 (Threonine 37/46, p-4E-BP1T37/46; Cell 
Signaling Technologies), 4E-BP1 (Cell Signaling Technologies), β-actin (Sigma-
Aldrich) and lamin A/C (Santa Cruz Biotechnologies). Signals were detected 
by enhanced chemiluminescence (Western Lightning Plus ECL; PerkinElmer) 
after incubation with appropriate HRP-conjugated secondary antibodies (Dako). 
Protein levels were quantified relative to loading control or non-phosphorylated 
protein.

Proliferation and apoptosis were quantified by enzyme-linked immunosorbent 
assay (ELISA). Proliferation was measured by 5′-bromo-2′-deoxyuridine (BrdU) 
incorporation, added during the last 4 h, using the Cell Proliferation Biotrack 
ELISA system (GE Healthcare). Apoptosis was assessed using the Cell Death 
Detection ELISAplus kit (Sigma-Aldrich). All ELISAs were performed according 
to manufacturer’s instructions and values were normalized to the amount of DNA.
Metabolic assays. Glucose oxidation. For glucose oxidation29, cells were incubated 
for 5 h in growth medium containing 0.55 µCi/ml [6-14C]d-glucose (PerkinElmer). 
To stop cellular metabolism, 250 µl of a 2 M perchloric acid solution was added and 
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wells were covered with a Whatman paper soaked with 1× hyamine hydroxide. 
14CO2 released during the oxidation of glucose was absorbed into the paper over-
night at room temperature. Radioactivity in the paper was determined by liquid 
scintillation counting, and values were normalized to DNA content.
Glutamine oxidation. Cells were incubated for 6 h in growth medium containing 
0.5 µCi/ml [U-14C]glutamine (PerkinElmer)29. Thereafter, 250 µl of 2 M perchloric 
acid was added to each well to stop cellular metabolism and 14CO2 was collected 
as described above for glucose oxidation.
Fatty acid oxidation. Palmitate β-oxidation29 was measured after incubation of 
the cells with 2 µCi/ml [9,10-3H]palmitic acid (PerkinElmer) for 2 h. Then, the 
culture medium was transferred into glass vials sealed with rubber caps. 3H2O 
was captured in hanging wells containing a Whatman paper soaked with H2O 
over a period of 48 h at 37 °C. Radioactivity in the paper was determined by liquid 
scintillation counting, and values were normalized to DNA content.
Glycolysis. For measurement of the glycolytic flux29, cells were incubated for 2 h 
in growth medium containing 0.4 µCi/ml [5-3H]d-glucose (PerkinElmer). 3H2O 
was captured and measured analogously to fatty acid oxidation.
Oxygen consumption. The oxygen consumption rate29 was quantified using an 
XF24 analyser (Seahorse Bioscience Europe). Cells were seeded on Seahorse XF24 
tissue culture plates. The assay medium was unbuffered DMEM supplemented with  
5 mM d-glucose and 2 mM l-glutamine, pH 7.4 (all from Gibco). The meas-
urement of oxygen consumption was performed during 10-min intervals (2 min 
mixing, 2 min recovery, 6 min measuring) for 3 h, and values were normalized to 
DNA content.
Glucose consumption and lactate production. Lactate and glucose concentration in 
conditioned culture medium was measured using a Dimension analyser (Siemens 
Healthcare Diagnostics) and results were normalized to DNA content.
Energy levels. For determination of energy charge and status, cells were harvested 
in ice-cold 0.4 M perchloric acid supplemented with 0.5 mM EDTA. ATP, ADP and 
AMP were measured using ion-pair reversed-phase high-performance liquid chro-
matography (HPLC) as previously described29,30. Energy balance was calculated as 
([ATP] + ½[ADP])/([ATP] + [ADP] + [AMP]) and energy status was determined 
as the ratio of ATP over AMP. Intracellular ATP levels were also measured using 
the ATPlite ATP detection assay (PerkinElmer) according to the manufacturer’s 
instructions, and values were normalized to DNA content.
Mass spectrometry. For 13C-carbon incorporation from glucose and glutamine in 
metabolites, cells were incubated for 72 h with 13C6-glucose or 13C5-glutamine 
(both from Sigma-Aldrich). Metabolites for subsequent mass spectrometry anal-
ysis were prepared by quenching the cells in liquid nitrogen followed by a cold 
two-phase methanol–water–chloroform extraction29,31,32. Phase separation was 
achieved by centrifugation at 4 °C. The methanol-water phase containing polar 
metabolites was separated and dried using a vacuum concentrator. Dried metab-
olite samples were stored at −80 °C.
Gas chromatography–mass spectrometric analysis. Polar metabolites were derivat-
ized and measured as described29,31,32. In brief, polar metabolites were derivatized 
with 20 mg/ml methoxyamine in pyridine for 90 min at 37 °C and subsequently 
with N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide, with 1% tert- 
butyldimethylchlorosilane for 60 min at 60 °C. Metabolites were measured with a 
7890A GC system (Agilent Technologies) combined with a 5975C Inert MS system 
(Agilent Technologies). One microlitre of sample was injected in splitless mode 
with an inlet temperature of 270 °C onto a DB35MS column. The carrier gas was 
helium with a flow rate of 1 ml/min. For the measurement of polar metabolites, 
the GC oven was held at 100 °C for 3 min and then ramped to 300 °C with a gra-
dient of 2.5 °C/min. The mass spectrometry system was operated under electron- 
impact ionization at 70 eV and a mass range of 100–650 atomic mass units (amu) 
was scanned. Mass distribution vectors were extracted from the raw ion chro-
matograms using a custom Matlab M-file, which applies consistent integration 
bounds and baseline correction to each ion. Moreover, we corrected for naturally 
occurring isotopes. Total contribution of carbon was calculated using the following 
equation33:
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where n is the number of C atoms in the metabolite, i represents the different 
mass isotopomers and m refers to the abundance of a certain mass. For metabolite 
levels, arbitrary units of the metabolites of interest were normalized to an internal 
standard and DNA content.
Liquid chromatography–mass spectrometric analysis. For assessing glutamine 
consumption, glutamine levels were measured in conditioned medium using 
liquid chromatography–mass spectrometry. Polar metabolites were measured 
as described before34. Polar metabolites were resuspended in 60% acetonitrile. 
Targeted measurements of polar metabolites were performed with a 1290 Infinity II 
HPLC (Agilent) coupled to a 6470 triple-quadrupole mass spectrometer (Agilent). 

Samples were injected onto a iHILIC-Fusion(P) column. The solvent, composed 
of acetonitrile and ammonium acetate (10 mM, pH 9.3), was used at a flow rate of 
0.100 ml/min. Data analysis was performed with the Agilent Mass Hunter software. 
Metabolite levels were normalized to DNA content.
Mitochondrial content. The mitochondrial content was analysed after rhodamine 
labelling by confocal microscopy on a Zeiss LSM 510 META system (Zeiss) as 
described35. In brief, chondrocytes were seeded on coverslips and pulse-loaded 
with 200 µM rhodamine 123 (Thermo Fisher Scientific) for 40 s at room tem-
perature. After loading, cells were thoroughly washed with HEPES-Tris medium  
(132 mM NaCl, 4.2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5.5 mM d-glucose and  
10 mM HEPES pH 7.4) before mounting coverslips with Fluomount (Dako).
Collagen analysis. Protein translation. Collagen, proteoglycan or total protein 
synthesis was quantified in vitro by incubation of cultured chondrocytes with  
20 uCi/ml 3H-proline (PerkinElmer)35S-sulfate (PerkinElmer) or 35S-methionine 
(MP Biomedicals) overnight, respectively, as described36,37. In brief, for the quan-
tification of collagen and total protein synthesis, cells were lysed in extraction 
buffer (11% acetic acid in H2O with 0.25% BSA) and proteins were precipitated 
by the addition of 20% trichloroacetic acid. For the analysis of proteoglycan syn-
thesis, cells were lysed in 0.2 M NaOH and proteoglycans were precipitated with 
1% cetylpyridinium chloride. Radioactivity was determined by liquid scintillation 
counting, and normalized for DNA content.
Collagen content. Intact type II collagen α-chains were solubilized using a guani-
dine-based extraction method. In brief, growth plates were cut into smaller pieces, 
washed with 150 mM NaCl, 0.05 M Tris-HCl pH 7.5 and proteoglycans were solu-
bilized with 4 M guanidine HCl, 0.05 M Tris-HCl pH 7.5, with protease inhibitors 
(1 mM PMSF, 5 µg/ml aprotinin, 5 µg/ml leupeptin and 0.33 µg/ml antipain) for  
24 h at 4 °C. Collagens were solubilized with 1 mg/ml pepsin in 3% acetic acid for 
24 h at 4 °C. After centrifugation, supernatant was dialysed against 0.4 M NaCl, 
0.01 M EDTA, 0.05 M Tris-HCl pH 7.5 two times for 24 h at 4 °C, collagen α-chains 
were resolved by SDS–PAGE and stained with Coomassie blue R-250 (Sigma-
Aldrich).
Collagen hydroxylation analysis using electrospray mass spectrometry. Preparation 
of type I and type II collagens from adult bone and neonatal growth plates was 
performed as described38. In brief, bone was demineralized in 0.1 M HCl at 4 °C, 
washed, and solubilized by heat denaturation in SDS–PAGE sample buffer. For the 
growth plate, proteoglycans were removed with 4 M guanidine HCl, 0.05 M Tris-
HCl, pH 7.5 with protease inhibitors (5 mM 1,10-phenanthroline and 2 mM PMSF) 
for 24 h at 4 °C and the residue was washed thoroughly. Collagens were solubilized 
with pepsin (1:20, pepsin:dry tissue) in 3% acetic acid for 24 h at 4 °C, and were 
run on 6% SDS–PAGE gels. After in-gel trypsin digestion, electrospray mass spec-
trometry was performed using an LTQ XL ion-trap mass spectrometer equipped 
with in-line liquid chromatography (Thermo Fisher Scientific) using a C4 5-µm 
capillary column (300 µm × 150 mm; Higgins Analytical RS-15M3-W045) eluted 
at 4.5 µl/min. Proteome Discoverer search software (Thermo Fisher Scientific) was 
used for peptide identification using the NCBI protein database. Proline and lysine 
modifications were examined manually by scrolling or averaging the full scan over 
several minutes so that all of the post-translational variations of a given peptide 
appeared together in the full scan.
Hydroxyproline content. Hydroxyproline content was quantified by a colorimetric 
protocol as described39. In brief, neonatal growth plates or cultured cells were 
hydrolysed for 3.5 h at 135 °C in 6 N HCl. To distinguish between hydroxypro-
line content in cell extracts and extracellular matrix of cultured cells, we detached 
cells with 10 mM NaHPO4, 150 mM NaCl and 0.5% Triton X-100 and hydrolysis 
was subsequently performed on either the cell extract or the deposited matrix. 
Thereafter, samples were vacuum-evaporated and dissolved in demineralized 
water. Next, hydroxyproline residues were oxidized by adding chloramine-T, fol-
lowed by the addition of Ehrlich’s aldehyde reagent and incubation of the samples 
at 65 °C for chromophore development. A standard curve was made to calculate 
the absolute amount of hydroxyproline per sample, which was finally normalized 
to tissue wet weight. To assess collagen resistance to MMP-mediated degradation, 
neonatal growth plates or crushed metaphyseal bone was incubated with MMP-9 
(0.4 ng/µl; Bio-Techne) or MMP-13 (0.2 ng/µl; Bio-Techne) for 24 h at 37 °C before 
hydrolysis of remaining tissue and supernatant.
Cartilage collagen cross-link analysis. Collagen cross-link analysis was performed 
by HPLC on growth plates isolated from 5-day-old mice after acid hydrolysis as 
previously described40. The amount of collagen cross-links was normalized for 
tissue wet weight.
Intracellular Ca2+ measurements. The intracellular Ca2+ concentration [Ca2+]i 
was measured using the ratiometric fluorescent Ca2+ dye Fura2-AM (Thermo 
Fisher Scientific) and the FlexStation3 (Molecular Devices) as previously 
described41,42. The Ca2+ content of the endoplasmic reticulum was measured 
by applying thapsigargin (2 µM; Sigma-Aldrich) in the presence of 3 mM EGTA 
(a cell-impermeable Ca2+ chelator, added 30 s before thapsigargin treatment) 
and quantifying the rise in F340 nm/F380 nm, where F is the fluorescence intensity. 
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Normalized Ca2+-rise (R) in the cytosol of cultured chondrocytes was calculated 
as (R − R0)/R0, where R0 is the value of R at time zero. The basal F340 nm/F380 nm 
signals were calibrated to obtain basal cytosolic [Ca2+] as described43. The total 
Ca2+-loading capacity of the endoplasmic reticulum in the presence of exogenously 
added Mg–ATP (5 mM) and mitochondrial inhibitors (10 mM NaN3) was analysed 
in plasma-membrane-permeabilised chondrocytes using unidirectional 45Ca2+-
uptake (0.3 MBq/ml) experiments performed as described44, allowing direct access 
to endoplasmic reticulum Ca2+ stores. The endoplasmic reticulum 45Ca2+-loading 
capacity was normalized to protein content.
Transmission electron microscopy and FTIR. Transmission electron microscopy 
of the epiphyseal growth plate was performed following standard procedures45. In 
brief, growth plates isolated from neonatal mice were fixed in 2.5% glutaraldehyde 
in 0.1 M Na-cacodylate buffer pH 7.3. Next, the growth plates were post-fixed in 
2% osmiumtetroxide in Na-cacodylate buffer, followed by dehydration in a graded 
ethanol series and staining with 1% uranyl acetate in 70% ethanol. Following fur-
ther dehydration, the samples were impregnated overnight in a desiccator with 
freshly prepared Agar 100 (EPON 812 medium), initiated by means of a graded 
propylene oxide–Agar 100 series. Consequently, samples were transferred to freshly 
prepared Agar 100 and placed in a desiccator for 6 h. Ultra-thin sections (70 nm) 
were made, positioned on a copper grid, and contrasted with 4% uranyl acetate 
and lead citrate. Transmission electron microscope images were made on a JEOL 
JEM 2100 electron microscope (JEOL) at 200 kV.

FTIR data were acquired from methyl metacrylate (MMA) tibia sections of 
neonatal mice, mounted on CaF2 windows, on a Bruker IFS66 spectrometer 
equipped with an infrared microscope and liquid nitrogen-cooled mercury cad-
mium telluride detector. Collagen content in the growth plate was calculated from 
the integrated area of the amide I absorption peak (1590–1695 cm−1), after baseline 
correction for the absorption spectrum of MMA.
Ectopic bone ossicle model. As a model for endochondral ossification, we used 
a recently described ectopic bone ossicle model16. In brief, periosteal cells were 
isolated and cultured in αMEM with 2 mM glutaMAX-1, containing 10% FCS,  
100 units/ml penicillin and 50 µg/ml streptomycin supplemented with 5 U/ml 
heparin (LEO Pharma) and 5 ng/ml human recombinant fibroblast growth factor 2 
(FGF 2) (R&D Systems) to induce chondrogenic differentiation upon implantation. 
At passage 3, FGF2-pretreated periosteal cells were embedded in a type I collagen 
gel (5 mg/ml in PBS; Corning GmbH) at a density of 1 × 107 cells/ml, and 100 µl 
was injected subcutaneously as previously described16. Three weeks after implan-
tation, bone ossicles were collected, fixed in 2% paraformaldehyde, and processed 
for microCT and histological analysis.
MicroCT. We performed microCT analysis of mineralized bone mass using a desk-
top micro-tomographic image system and related software, as described before46. 
In brief, tibias were scanned using the SkyScan 1172 microCT system (Bruker) at a 
pixel size of 5 µm with 50-kV tube voltage and 0.5-mm aluminium filter. Projection 
data was reconstructed using the NRecon software (Bruker), trabecular and corti-
cal volumes of interest were selected manually and 3D morphometric parameters 
were calculated using CT Analyzer software (Bruker) according to the guidelines 
of the American Society for Bone and Mineral Research47.
DEXA. Body composition (lean body mass and total fat mass) was analysed in 
vivo by dual-energy X-ray absorptiometry (DEXA; PIXImus densitometer, Lunar 
Corp.) using ultra high resolution (0.18 × 0.18 pixels, resolution of 1.6 line pairs/
mm) and software version 1.4548.
Serum biochemistry. Serum osteocalcin was measured by an in-house radioim-
munoassay49. Serum CTx-I and CTx-II levels were measured by a RatLaps and 
Serum Preclinical Cartilaps ELISA kit (Immunodiagnostic Systems), respectively.
Histochemistry and histomorphometry.  Histochemical staining. 
Histomorphometric analysis of mouse long bones was performed as described3,27. 
In brief, osteoblasts were quantified on H&E-stained sections, whereas osteo-
clasts were visualized on TRAP-stained sections. Unmineralized (osteoid) and 
mineralized bone matrix was quantified on Goldner or Von Kossa-stained sec-
tions, respectively. To analyse dynamic bone parameters, calcein (16 mg/kg body 
weight; Sigma-Aldrich) was administered via intraperitoneal injection 4 days and 
1 day before mice were euthanized. Cartilage matrix proteoglycans were visualized 
by safranin O staining. To detect apoptosis, TUNEL staining was performed on 
paraffin-embedded sections with an In situ Cell Death Detection Kit (Roche). 
Sections were permeabilised for 2 min on ice in 0.1% sodium citrate containing 
0.1% Triton X-100. TUNEL reaction mixture was applied for 1 h at 37 °C. Sections 
were counterstained with Hoechst to visualize nuclei.
Immunohistochemical staining. To visualize hypoxic regions or cell prolifera-
tion29, mice were injected with pimonidazole (Hypoxyprobe-1 PLUS Kit, Natural 
Pharmacia International; 60 µg/g body weight) or BrdU (Harlan SeraLab; 150 µg/g 
body weight), respectively, before they were euthanized. Immunohistochemical 
staining conditions were slightly adapted according to the type of tissue and the anti-
body used. Generally, paraffin sections were de-waxed, rehydrated, incubated with 
Antigen Retrieval Solution (Dako) and washed in TBS. Endogenous peroxidase  

activity was blocked by immersing the sections in 0.3% H2O2 in methanol for  
20 min. Unspecific antibody binding was blocked by incubation of the sections 
in 2% BSA-supplemented TBS for 30 min. Subsequently, sections were incubated 
overnight with primary antibody against pimonidazole (hypoxic regions), COL1 
(bone; Bio-Techne), COL2 (cartilage; Chemicon), BrdU (proliferating cells), BiP 
(UPR), ATF6 (UPR) or p-S6S235/236 (mTOR signalling). Signal visualization was 
generally obtained using fluorophore-labelled secondary antibodies or through a 
biotin–HRP streptavidin-mediated reaction. For COL2 immunostaining, sections 
were pre-digested with 0.025% pepsin in 0.2 N HCl for 10 min at 37 °C, fixed in 
4% paraformaldehyde, treated with 0.2% Triton X-100 and quenched in 50 mM 
NH4Cl before incubation with the primary antibody. Hoechst staining was used 
to visualize cell nuclei.
Bone histomorphometry. Images were acquired on an Axioplan 2 microscope 
(Zeiss) and histomorphometric analyses were performed using related Axiovision 
software (Zeiss). Data were expressed according to the American Society for Bone 
and Mineral Research standardized histomorphometry nomenclature50.
In situ hybridization. Plasmids containing cDNA fragments used as probes for 
Col2 (F. Luyten, KU Leuven), Col10 (also known as Col10a1; H. M. Kronenberg, 
Harvard Medical School), Ihh (U. I. Chung, Massachusetts General Hospital) and 
Pthrp (also known as Pthlh; U. I. Chung) were generously provided. After line-
arization of the plasmid downstream of the inserted cDNA fragment, sense and 
antisense riboprobes were obtained by in vitro transcription with T7 DNA poly-
merase (Thermo Fisher Scientific) according to the manufacturer’s instructions. 
35S-labelled riboprobes were generated as described51. The probes were subjected 
to limited alkaline hydrolysis to obtain fragments with an average length of 350 
nucleotides.

Radioactive in situ hybridization was carried out on paraformaldehyde-fixed 
paraffin sections as described51 with minor modifications. The paraffin sections 
were de-waxed, fixed in 4% paraformaldehyde, treated with 20 µg/ml proteinase 
K, fixed again, incubated in 0.1% NaBH4 in PBS and acetylated in a solution of  
0.1 M triethanolamine with 2.5 µg/ml acetic anhydride. The sections were hybrid-
ized overnight at 55 °C with35S-labelled denatured probes at a final activity of  
105 cpm/µl, followed by a high stringency wash at 62 °C. After several washes, the 
sections were treated with 20 µg/ml RNase A at 37 °C for 30 min. Finally, the sec-
tions were dehydrated, air-dried and coated with autoradiography emulsion type 
NTB (Kodak) diluted 1:1 with 2% glycerol for autoradiography. The exposure time 
(at 4 °C in a light-safe box) varied from one to several days depending on the probe. 
Bright field and dark field images were taken on an Axioplan 2 microscope (Zeiss) 
and were superimposed and pseudo-coloured with Adobe Photoshop.
Statistics. Data are presented as mean ± s.e.m. or mean ± s.d. n values represent 
the number of independent experiments performed or the number of individual 
mice phenotyped. For each independent in vitro experiment, at least three tech-
nical replicates were used. For immunoblots, representative images were shown of 
at least three independent experiments using samples from different mice or cell 
lysates. No statistical methods were used to pre-determine sample size for in vitro 
experiments. Experiments were not randomized, except for in vivo treatments, 
where mice were randomized. For in vivo experiments, sample size was based 
on results from previous studies. Data were analysed by two-sided two-sample 
Student’s t-test, and one-way ANOVA with Tukey–Kramer post hoc test using 
the NCSS statistical software. Differences were considered statistically significant 
at P < 0.05.
Reporting Summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this paper.

Data availability
Source data are provided in the online version of the paper. Uncropped blots are 
provided in Supplementary Fig. 1. Any additional information required to inter-
pret, replicate or build upon the findings of this study are available from the cor-
responding author upon reasonable request.
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Extended Data Fig. 1 | Phenotype of Phd2chon− mice. a, Southern blot 
analysis showing efficient and selective recombination (black arrowhead) 
of the Phd2 gene in neonatal (P2.5) growth plate tissue from Phd2chon− 
mice. Representative images of 3 independent experiments are shown.  
b, Phd1 (also known as Egln2), Phd2 and Phd3 (also known as Egln3) 
mRNA levels in neonatal growth plates. n = 11 and 10 independent 
sample from Phd2chon+ and Phd2chon− mice, respectively. c, d, Immunoblot 
of PHD2 and β-actin (c), and of HIF1α, HIF-2α and lamin A/C (d) levels 
in growth plate tissue (c) and cultured chondrocytes (d). Representative 
images of 4 independent experiments are shown. e, Tibia length (n = 11 
Phd2chon+ mice, n = 8 Phd2chon− mice), body weight (n = 11 Phd2chon+ 
mice, n = 8 Phd2chon− mice), lean body mass (n = 4 mice) and fat mass 
(n = 4 mice) of adult (14-week-old) mice. f, Growth-related phenotype 
in adult Phd2chon− mice. g, Sox9, Col2, Col10, Pthrp, Ihh, Mmp9, Mmp13 
and Opn (also known as Spp1) mRNA levels in neonatal growth plates. 
n = 11 and 10 independent samples from Phd2chon+ and Phd2chon− mice, 
respectively. h, In situ hybridization for Col2, Col10, Pthrp and Ihh on 
neonatal growth plates. n = 4 biologically independent samples. Scale bar, 
250 µm. i, Trabecular number (Tb.N) for P2.5 (n = 10) and 14-week-old 
(n = 11 Phd2chon+, n = 8 Phd2chon−) mice, trabecular thickness (Tb.Th) 
for P2.5 (n = 10) and 14-week-old (n = 11 Phd2chon+, n = 8 Phd2chon−) 
mice, cortical thickness (Ct.Th) for P2.5 (n = 10) and 14-week-old (n = 11 
Phd2chon+, n = 8 Phd2chon−) mice, and calvarial thickness (Calv.Th; n = 4 
mice) and porosity (Calv.Po; n = 4 mice) in neonatal and adult mice. Nd, 

not determined. j, Osteoblast number (N.Ob/B.S; n = 4 Phd2chon+, n = 5 
Phd2chon− mice), osteoblast surface (Ob.S/B.S; n = 4 Phd2chon+, n = 5 
Phd2chon− mice) and osteoid surface per bone surface (O.S/B.S; n = 6 
mice), bone formation rate (BFR; n = 4 mice), mineral apposition rate 
(MAR; n = 4 mice), osteoclast surface per bone surface (Oc.S/B.S; n = 11 
Phd2chon+, n = 7 Phd2chon− mice), blood vessel number per tissue surface 
(N.BV/T.S; n = 9 Phd2chon+, n = 6 Phd2chon− mice), and serum osteocalcin 
(OCN; n = 16 biologically independent samples), CTx-I (n = 8 
biologically independent samples) and CTx-II levels (n = 9 biologically 
independent samples) in adult mice. k, l, Representative images of TRAP-
positive multinuclear cells formed after one week of culture (k) with 
quantification of the number of osteoclasts formed per well (l). n = 4 
biologically independent samples. Scale bar, 50 µm). Quantification was 
based on the number of nuclei per osteoclast (see Methods). m, COL1 and 
COL2 immunostaining of the metaphysis of neonatal mice (n = 8 mice). 
Scale bar, 100 µm. n, Quantification of the cell/extracellular matrix (ECM) 
ratio in two zones of the growth plate (n = 8 mice). Data are mean ± s.e.m. 
(c, d, l), or mean ± s.d. (b, e, g, i, j, n). *P < 0.05 vs Phd2chon+, **P < 0.01 
vs Phd2chon+, ***P < 0.001 vs Phd2chon+; two-sided Student’s t-test). Exact 
P values: 0.000000001 (Phd2; b), 0.00000002 (Phd3; b), 0.00003 (c), 0.0014 
(HIF-1α; d), 0.00005 (tibia length; e), 0.019 (body weight; e), 0.00003 
(Tb.N P2.5; i), 0.003 (Tb.N 14 weeks; i), 0.006 (Tb.Th P2.5; i), 0.037 (Tb.
Th 14 weeks; i) or 0.02 (Serum CTx-II; j).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Metabolic alterations in PHD2-deficient 
chondrocytes. a, Rhodamine labelling of mitochondria, with 
quantification of mitochondrial content. Samples from n = 3 
Phd2chon+, n = 4 Phd2chon− mice. Yellow line denotes cell membrane. 
b, c, Immunoblot of Myc (b), LC3-II (c) and β-actin levels in cultured 
chondrocytes. Representative images of 4 independent experiments 
are shown. d, Oxygen consumption in cultured chondrocytes. n = 9 
biologically independent samples. e, Pimonidazole immunostaining  
on neonatal (P2.5) growth plates. The boxed area is magnified to the  
right of each panel. Number of pimonidazole-positive cells within the 
growth plate is shown. n = 4 mice. f, Glucose oxidation (GO), fatty acid 
oxidation (FAO) and glutamine oxidation (QO) in cultured chondrocytes. 
n = 6 biologically independent samples. g, Glucose (Glc) uptake and 
lactate (Lac) secretion. n = 6 biologically independent samples.  
h, Glycolytic flux. n = 6 biologically independent samples. i, Fractional 
contribution of 13C6-glucose to lactate, citrate (Cit), αKG, succinate 
(Suc), fumarate (Fum) and malate (Mal). n = 6 biologically independent 
samples. j–l, ATP content (j), energy charge (([ATP] + ½[ADP])/
([ATP] + [ADP] + [AMP]); k), and energy status (ratio of ATP to AMP 
levels; l). n = 6 biologically independent samples. m, Apoptosis rate 
of cultured chondrocytes. n = 4 independent experiments. n, TUNEL 
immunostaining of neonatal growth plates. n = 6 mice. o, ATP production 
resulting from glycolysis, GO, FAO and QO in cultured chondrocytes. 

n = 6 biologically independent samples. p, Proliferation rate of cultured 
chondrocytes. n = 4 independent experiments. q, Immunoblot of Na+/K+ 
ATPase and β-actin. Representative images of 3 independent experiments 
are shown. r, Normalized Ca2+ rise in the cytosol of cultured chondrocytes 
upon stimulation with thapsigargin (TG) in the presence of EGTA. n = 4 
biologically independent samples. s, Quantification of the Ca2+ release 
from the endoplasmic reticulum upon stimulation with thapsigargin. 
n = 4 biologically independent samples. t, 45Ca2+-loading capacity of the 
endoplasmic reticulum of permeabilised chondrocytes in intracellular-like 
medium supplemented with 5 mM Mg-ATP and 45Ca2+. n = 4 biologically 
independent samples. u, v, Total protein (u) and proteoglycan synthesis 
(v). n = 8 biologically independent samples. Data are mean ± s.e.m. 
(a–d, f–m, o–v), or mean ± s.d. (e, n). *P < 0.05 vs Phd2chon+, **P < 0.01 
vs Phd2chon+, ***P < 0.001 vs Phd2chon+ (two-sided Student’s t-test), 
§P < 0.05 vs Phd2chon+ + vehicle (ANOVA). Exact P values: 0.03 (a), 
0.016 (b); Phd2chon+ + vehicle vs Phd2chon− + vehicle, 0.0004 (c); 
Phd2chon+ + vehicle vs Phd2chon− + chloroquine, 0.0002 (c); 0.000002 (d), 
0.0005 (e), 0.00003 (GO; f), 0.000004 (FAO; f), 0.00001 (Glc; g), 0.000001 
(Lac; g), 0.0007 (h), 0.00002 (Lac; i), 0.000002 (Cit; i), 0.000001 (αKG; i), 
0.00009 (Suc; i), 0.011 (Fum; i), 0.004 (Mal; i), 0.000001 (j), 0.00005 (k), 
0.00000001 (l), 0.0007 (p), 0.012 (q), 0.0003 (s), 0.0002 (u), 0.003 (v). Scale 
bars: 10 µm (a), 250 µm (e, n).
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Extended Data Fig. 3 | HIF-1α silencing in PHD2-deficient 
chondrocytes. a, Expression of indicated genes in cultured chondrocytes, 
transduced with scrambled shRNA (shScr) or shRNA targeting HIF-1α 
(shHIF-1α). n = 3 biologically independent samples. Gene symbols 
are listed in parentheses: Glut1 (Slc2a1), Glut4 (Slc2a4), Ldh-a (Ldha), 
Mct1 (Slc16a1), Mct4 (Slc16a4), Cox4-1 (Cox4i1), Cox4-2 (Cox4i2), 
Pgc-1a (Ppargc1a), Pgc-1b (Ppargc1b), Gls1 (Gls). b, HIF-1α and lamin 
A/C immunoblot of cultured chondrocytes, transduced with shScr or 
shHIF-1α. Representative images of 3 independent experiments are 
shown. c–f, Oxygen consumption (c), glycolytic flux (d), energy charge 
(e) and energy status (f) of cultured chondrocytes transduced with shScr 
or shHIF-1α. n = 6 biologically independent samples. g, p-AMPKT172 and 
AMPK immunoblot with quantification of p-AMPKT172:AMPK ratio in 
cultured chondrocytes transduced with shScr or shHIF-1α. Representative 
images of 3 independent experiments are shown. h, i, Proliferation (h) 
and collagen synthesis (i) in cultured chondrocytes transduced with 

shScr or shHIF-1α. n = 6 biologically independent samples. j, k, BiP 
(j), cleaved ATF6 (cATF6) (k) and β-actin immunoblot of cultured 
chondrocytes transduced with shScr or shHIF-1α. Representative 
images of 3 independent experiments are shown. l, m, OH-Pro (l; n = 6 
biologically independent samples) and αKG levels (m; n = 5 biologically 
independent samples) in cultured chondrocytes transduced with shScr 
or shHIF-1α. Data are mean ± s.e.m. #P < 0.05 (ANOVA), §P < 0.05 
vs Phd2chon+ + shScr, °P < 0.05 vs Phd2chon− + shScr (ANOVA). Exact 
P values: Phd2chon+ + shScr vs Phd2chon+ + shHIF-1α 0.0003 (b) or 
0.002 (c); Phd2chon+ + shScr vs Phd2chon− + shScr 0.050 (b), 0.0000002 
(c), 0.00003 (d), 0.004 (e), 0.000002 (f), 0.050 (g), 0.00002 (h), 0.00005 
(i), 0.004 (j), 0.03 (k), 0.00012 (l) or 0.00005 (m); Phd2chon− + shScr vs 
Phd2chon− + shHIF-1α 0.045 (b), 0.00010 (c), 0.00011 (d), 0.0010 (e), 
0.000012 (f), 0.03 (g), 0.00005 (h), 0.00010 (i), 0.004 (j), 0.006 (k), 0.00001 
(l) or 0.0008 (m).
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Extended Data Fig. 4 | mTOR signalling and the unfolded protein 
response in PHD2-deficient chondrocytes. a, Immunoblot and 
quantification of phosphorylated (at Ser2448) mTOR (p-mTORS2448), 
mTOR, phosphorylated (at Thr389 and Ser371) p70 S6 kinase (p-p70 
S6KT389 and p-p70 S6KS371), p70 S6K, phosphorylated (at Ser235 and 
Ser236) S6 (p-S6S235/236) and S6, phosphorylated (at Thr37 and Thr46) 
4E-BP1 (p-4E-BP1T37/46), 4E-BP1 and β-actin in cultured chondrocytes. 
Representative images of 3 independent experiments are shown.  
b, c, p-S6S235/236 immunostaining on neonatal (P2.5) growth plates  
(b; boxed areas are magnified, right) and quantification (c) of the p-S6+ 
area. n = 6 mice. PS, primary spongiosa. d, Immunoblot of p-S6S235/236 
and S6 in cultured chondrocytes. Cells were cultured in full medium or in 
nutrient-deprived conditions (PBS), and then switched to full medium for 
the indicated times. Representative images of 3 independent experiments 
are shown. These findings demonstrate a lack of enhanced mTOR 

signalling. e, Immunoblot and quantification of BiP, phosphorylated 
eIF2α, ATF4 and cATF6 protein levels. Representative images of 3 
independent experiments are shown. f, Spliced Xbp1 (Xbp1s) mRNA 
levels in neonatal growth plates. n = 8 biologically independent samples. 
g, h, BiP and cATF6 immunostaining (g) of neonatal growth plates with 
quantification (h) of the percentage of positive cells. n = 6 mice. Data are 
mean ± s.e.m. (a, d, e) or mean ± s.d. (c, f, h). *P < 0.05 vs Phd2chon+, 
**P < 0.01 vs Phd2chon+, ***P < 0.001 vs Phd2chon+ (two-sided Student’s  
t-test), §P < 0.05 vs Phd2chon+ + full medium, °P < 0.05 vs Phd2chon+ + full 
medium 0.5 h (ANOVA). Exact P values: Phd2chon+ + full medium vs 
Phd2chon+ + PBS, 0.003 (d); Phd2chon+ + full medium vs Phd2chon− + PBS, 
0.005 (d); Phd2chon+ + full vs Phd2chon− 0.5 h, 0.03 (d); Phd2chon+ 0.5 h vs 
Phd2chon− 0.5 h, 0.04 (d); 0.04 (BiP; e); 0.02 (p-eIF2a; e); 0.0005 (ATF4; 
e); 0.02 (cATF6; e); 0.002 (f); 0.00005 (BiP; h); 0.000009 (cATF6; h). Scale 
bars, 250 µm.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | PHD2 regulates COL2 modifications.  
a, COL2 protein levels in neonatal (P2.5) growth plates, visualized by 
COL2 western blot. Protein loading was normalized to growth plate 
weight. Representative images of 2 experiments, each with 2 biologically 
independent replicates, are shown. b, COL2 immunostaining of 
extracellular matrix produced by cultured chondrocytes and after removal 
of cells, with quantification of the COL2 positive area. n = 4 mice.  
c, Amide I peak, representing collagen, from FTIR spectra of neonatal 
growth plates. Samples from n = 8 Phd2chon+ and n = 6 Phd2chon− mice. 
AUC, area under the curve. d, Transmission electron microscopy images 
of the collagen network in neonatal growth plates. n = 3 mice. e, Increase 
in hydroxylation and/or glycosylation (as percentage) of Pro and Lys 
residues in type II collagen of Phd2chon− mice compared to Phd2chon+ 
mice. n = 4 biologically independent samples. Glcgal, glucosyl-galactosyl. 
f, Total, intracellular and extracellular OH-Pro content of cultured 
chondrocytes. n = 4 biologically independent samples. g, Von Kossa 
staining of neonatal growth plates, with quantification of the percentage 
mineralized matrix. Boxed areas are enlarged to the right of each panel. 
n = 8 mice. h, i, Micromass mineralization, as evidenced by alizarin red 
staining (h), with quantification of alizarin red intensity (i), showing that 
increased matrix mineralization is not caused by HIF-1α-induced changes 
in mineralization capacity. n = 5 biologically independent samples. j, 
Expression of genes involved in mineralization (Ank, Tnap (also known 

as Alpl), Enpp1 and Spp1) is not changed in neonatal growth plates. n = 6 
biologically independent samples. k, Phd2 mRNA levels in cultured 
periosteum-derived cells (PDC), calvarial osteoblasts (calv. OB) and 
trabecular osteoblasts (trab. OB). n = 4 biologically independent samples. 
l, Change in hydroxylation and/or glycosylation (as percentage) of Pro and 
Lys residues in type I collagen of Phd2chon− mice compared to Phd2chon+ 
mice. n = 4 biologically independent samples. m, OH-Pro levels in 
cultured PDC, and calvarial and trabecular osteoblasts. n = 4 biologically 
independent samples. n, OH-Pro content in bone tissue and supernatant 
after incubation with MMP9 or MMP13. n = 4 biologically independent 
samples. o, Fractional contribution of 13C5-glutamine to Pro. n = 3 
biologically independent samples. p, Intracellular proline levels in cultured 
Phd2chon+ and Phd2chon− chondrocytes. n = 3 biologically independent 
samples. Data are mean ± s.d. (a, c, g, j), or mean ± s.e.m. (b, f, i, k–p). 
*P < 0.05 vs Phd2chon+, **P < 0.01 vs Phd2chon+, ***P < 0.001 vs 
Phd2chon+ (two-sided Student’s t-test), #P < 0.05 (ANOVA). Exact P values: 
0.0003 (a), 0.02 (b), 0.006 (c), 0.0018 (Pro459; e), 0.008 (Pro744; e), 0.014 
(Pro795; e), 0.015 (Pro826; e), 0.016 (Pro945; e), 0.00015 (Pro966; e), 0.008 
(Pro986; e), 0.019 (Lys87; e), 0.002 (total; f), 0.0014 (extra; f), 0.012 (g), 
vehicle vs Phd2chon+, 0.0002 (i); IOX2 vs Phd2chon−, 0.0001 (i); Phd2chon+ vs 
Phd2chon−, 0.004 (i); 0.015 (Pro1011; l); 0.012 (Lys174; l). Scale bars: 50 µm 
(b), 0.5 µm (d) and 100 µm (g).
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Extended Data Fig. 6 | Genetic confirmation of HIF-1α signalling 
and metabolic adaptations. a–c, Immunoblot of HIF-1α (a), GLS1 (b), 
PDK1 (c), lamin A/C and β-actin in cultured control or PHD2-deficient 
(PHD2KD) periosteal cells transduced with scrambled shRNA (shScr) 
or gene-specific shRNAs. Representative images of 3 independent 
experiments are shown. d, Toluidine blue staining of bone ossicles. 
Arrowheads indicate cartilage remnants. n = 5 biologically independent 
samples. Scale bar, 100 µm. e, 3D microCT models of bone ossicles, with 
quantification of the mineralized tissue volume (MV) relative to tissue 
volume (TV). n = 5 biologically independent samples. f, g, Immunoblot of 
GLS1 (f), PDK1 (g) and β-actin in cultured chondrocytes transduced with 
shScr or gene-specific shRNAs. Representative images of 3 independent 
experiments are shown. h, p-AMPKT172 and AMPK immunoblot with 
quantification of p-AMPKT172:AMPK ratio in cultured chondrocytes 
transduced with shScr or gene-specific shRNAs. Representative images 
of 3 independent experiments are shown. i–k, Proliferation (i), αKG 
levels (j) and OH-Pro content (k) in cultured chondrocytes transduced 

with shScr or gene-specific shRNAs. n = 5 biologically independent 
samples. Data are mean ± s.e.m. (a–c, f–k), or mean ± s.d. (e). #P < 0.05 
(ANOVA), §P < 0.05 vs control/Phd2chon+ + shScr, °P < 0.05 vs 
PHD2KD/Phd2chon− + shScr (ANOVA). Exact P values: control-shScr vs 
control gene-specific shRNA, 0.0005 (a), 0.0003 (b), 0.010 (c), 0.0004 
(shHIF-1α; e) or 0.00012 (shGLS1; e); control-shScr vs PHD2KD + shScr, 
0.02 (a), 0.04 (b), 0.046 (c) or 0.003 (e); PHD2KD + shScr vs 
PHD2KD + gene-specific shRNA, 0.03 (a), 0.03 (b), 0.03 (c), 0.002 
(shHIF-1α; e), 0.0005 (shGLS1; e), 0.049 (shPDK1; e); Phd2chon+ + shScr 
vs Phd2chon+ + gene-specific shRNA, 0.000010 (shGLS1; f), 0.006 
(shPDK1; g), 0.00011 (shGLS1; i), 0.002 (shGLS1;j) or 0.0006 (shGLS1; 
k); Phd2chon+ + shScr vs Phd2chon− + shScr, 0.0020 (f), 0.00010 (g), 
0.006 (h), 0.00012 (i), 0.00011 (j) or 0.0002 (k); Phd2chon− + shScr 
vs Phd2chon− + gene-specific shRNA, 0.005 (shGLS1; f), 0.00015 
(shPDK1; g), 0.003 (shPDK1; h), 0.0002 (shPDK1; i), 0.00008 (shGLS1; 
j), 0.00010 (shGLS1; k) or 0.0006 (shPDK1; k); Phd2chon+ + shScr vs 
Phd2chon− + gene-specific shRNA, 0.002 (shGLS1; h).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | PHD2-deficient chondrocytes display enhanced 
glutamine metabolism. a, Intracellular glutamate (Glu), αKG, succinate, 
fumarate, malate and citrate levels in cultured chondrocytes, with or 
without BPTES treatment. n = 3 biologically independent samples. 
b, Ratio of αKG/Suc and αKG/Fum. n = 3 biologically independent 
samples. c, GLS1 and β-actin immunoblot of cultured chondrocytes 
transduced with scrambled shRNA (shScr) or shRNA against HIF-1α 
(shHIF-1α). Representative images of 3 independent experiments 
are shown. d, Immunoblot of GLS1, GLS2 and β-actin in cultured 
chondrocytes, compared to HeLa cells. Representative images of 3 
independent experiments are shown. e, Fractional contribution of 
13C5-glutamine to glutamate, αKG, succinate, fumarate, malate and 
citrate in cultured chondrocytes, with or without BPTES treatment. 
n = 3 biologically independent samples. f, Citrate mass isotopomer 
distribution (MID) from 13C5-glutamine. n = 3 biologically independent 
samples. g, Relative abundance of reductive carboxylation-specific 
mass isotopomers of citrate, malate and fumarate. n = 3 biologically 
independent samples. h, COL2 immunostaining of the tibia of neonatal 
(P2.5) mice treated with BPTES and/or αKG with quantification of the 
percentage COL2-positive matrix (green) relative to bone volume (BV). 
n = 5 for Phd2chon+ + vehicle or Phd2chon− + vehicle mice; n = 7 for 
Phd2chon+ + BPTES, Phd2chon+ + BPTES + αKG, Phd2chon− + BPTES 
or Phd2chon− + BPTES + αKG mice. Scale bar, 250 µm. Arrowheads 
indicate COL2 cartilage remnants. i, 3D microCT models of the 
tibial metaphysis of mice treated with BPTES, with or without αKG, 
and quantification of trabecular bone volume (TBV). n = 6 for 
Phd2chon+ + vehicle, Phd2chon+ + BPTES + αKG or Phd2chon− + vehicle; 
n = 5 for Phd2chon+ + BPTES; n = 7 for Phd2chon− + BPTES or 
Phd2chon− + BPTES + αKG. j, Immunoblot of HIF-1α and lamin A/C 
in cultured chondrocytes treated with BPTES, with or without αKG. 
Representative images of 3 independent experiments are shown. k, Relative 
mRNA levels of indicated genes in growth plates derived from mice 
treated with BPTES, with or without αKG. n = 3 biologically independent 
samples. l, Immunoblot of p-AMPKT172 and AMPK in cultured 
chondrocytes treated with BPTES, with or without αKG. Representative 
images of 3 independent experiments are shown. m, Proliferation, as 
determined by BrdU incorporation, of cultured chondrocytes, treated 

with BPTES, with or without αKG. n = 3 biologically independent 
samples. n, Tibia length of mice treated with BPTES, with or without 
αKG. n = 5 for Phd2chon+ + vehicle or Phd2chon− + vehicle; n = 7 for 
Phd2chon+ + BPTES, Phd2chon+ + BPTES + αKG, Phd2chon− + BPTES 
or Phd2chon− + BPTES + αKG. o, BiP, cATF6 and β-actin immunoblot 
in cultured chondrocytes treated with BPTES, with or without αKG. 
Representative images of 3 independent experiments are shown. 
Data are mean ± s.e.m. (a–g, j, l, m, o), or mean ± s.d. (h, i, k, n). 
*P < 0.05 vs Phd2chon+, **P < 0.01 vs Phd2chon+, ***P < 0.001 vs 
Phd2chon+ (two-sided Student’s t-test), #P < 0.05 (ANOVA), §P < 0.05 vs 
Phd2chon+ + shScr or vehicle, °P < 0.05 vs Phd2chon− + shScr or vehicle 
(ANOVA). Exact P values: Phd2chon+ + vehicle vs Phd2chon− + vehicle, 
0.045 (αKG/Suc; b), 0.010 (αKG/Fum; b), 0.00008 (Glu; e), 0.00004 
(αKG; e), 0.02 (Suc; e), 0.0007 (Fum; e), 0.009 (Mal; e), 0.050 (Cit; e), 
0.00001 (h), 0.00003 (i), 0.03 (j), 0.0001 (P4ha1; k), 0.0006 (P4ha2; k), 
0.00002 (P3h1; k), 0.0001 (Plod1; k), 0.0002 (Plod2; k), 0.0003 (Pdi; k), 
0.0004 (Lox; k), 0.004 (l), 0.006 (m), 0.000002 (n), 0.0005 (BiP; o) or 
0.002 (cATF6; o); Phd2chon+ + vehicle vs Phd2chon+ + BPTES, 0.00001 
(Glu; e), 0.000003 (αKG; e), 0.02 (Suc; e), 0.0006 (Fum; e), 0.00005 
(Mal; e), 0.02 (Cit; e), 0.00001 (h), 0.0001 (i), 0.002 (m) or 0.0000001 
(n); Phd2chon+ + BPTES vs Phd2chon+ + BPTES + αKG, 0.004 (m) or 
0.0003 (n); Phd2chon+ + vehicle vs Phd2chon− + BPTES, 0.03 (αKG/
Fum; b), 0.005 (j), 0.0003 (P4ha1; k), 0.001 (P4ha2; k), 0.0006 (P3h1; 
k), 0.0001 (Plod1; k), 0.0006 (Plod2; k), 0.002 (Pdi; k), 0.0006 (Lox; 
k), 0.012 (l), 0.007 (m), 0.000007 (n), 0.003 (BiP; o) or 0.004 (cATF6; 
o); Phd2chon+ + vehicle vs Phd2chon− + BPTES + αKG, 0.00006 (h), 
0.00002 (i), 0.03 (j), 0.0003 (P4ha1; k), 0.001 (P4ha2; k), 0.0001 (P3h1; 
k), 0.00008 (Plod1; k), 0.0007 (Plod2; k), 0.00003 (Pdi; k), 0.0003 (Lox; 
k), 0.04 (l), 0.019 (m), 0.000005 (n), 0.02 (BiP; o) or 0.0010 (cATF6; o); 
Phd2chon− + vehicle vs Phd2chon− + BPTES, 0.025 (αKG/Suc; b), 0.049 
(αKG/Fum; b), 0.00001 (Glu; e), 0.00001 (αKG; e), 0.02 (Suc; e), 0.006 
(Fum; e), 0.002 (Mal; e), 0.02 (Cit; e), 0.000002 (h) or 0.000005 (i); 
Phd2chon+ + shScr vs Phd2chon− + shScr, 0.007 (c); Phd2chon+ + vehicle 
vs Phd2chon+ + shHIF-1α, 0.006 (c); Phd2chon− + vehicle vs 
Phd2chon− + shHIF-1α, 0.013 (c); Phd2chon+ vs Phd2chon−, 0.007 (GLS1; 
d), 0.0013 (m + 4; f), 0.0006 (m + 5; f), 0.0006 (Cit; g), 0.0002 (Mal; g) or 
0.048 (Fum; g); Phd2chon+ vs HeLa, 0.04 (GLS1; d) or 0.0088 (GLS2; d).
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Extended Data Fig. 8 | Inhibition of pyruvate uptake does not 
affect collagen or bone properties. a, Intracellular αKG levels in 
cultured chondrocytes, with or without treatment with an inhibitor of 
monocarboxylate transporter 2 (MCT2i). n = 3 biologically independent 
samples. b, p-AMPKT172 and AMPK immunoblot with quantification of 
p-AMPKT172/AMPK ratio in cultured chondrocytes treated with MCT2i. 
Representative images of 3 independent experiments are shown. c, Tibia 
length of mice treated with MCT2i. n = 5 mice. d, Collagen synthesis 
in cultured chondrocytes, with or without MCT2i treatment. n = 4 
biologically independent samples. e, BiP, cATF6 and β-actin immunoblot 
in cultured chondrocytes treated with MCT2i. Representative images of 
3 independent experiments are shown. f, OH-Pro content in neonatal 
growth plates of mice treated with MCT2i. n = 5 biologically independent 
samples. g, Safranin O staining of the tibia of mice treated with MCT2i, 

and quantification of the percentage safranin O-positive matrix relative 
to bone volume. n = 5 mice. h, COL2 immunostaining of the tibia of mice 
treated with MCT2i, with quantification of the percentage COL2-positive 
matrix (green) relative to bone volume. n = 5 mice. Arrowheads indicate 
COL2 cartilage remnants. i, 3D microCT models of the tibial metaphysis 
of mice treated with MCT2i, and quantification of trabecular bone 
volume. n = 5 mice. Data are mean ± s.e.m. (a, b, d, e), or mean ± s.d. 
(c, f–i). #P < 0.05 (ANOVA), §P < 0.05 vs Phd2chon+ + vehicle (ANOVA). 
Exact P values: Phd2chon+ + vehicle vs Phd2chon− + vehicle, 0.00002 
(a), 0.015 (b), 0.00001 (c), 0.00011 (d), 0.012 (BiP; e), 0.008 (cATF6; e), 
0.00012 (f), 0.00013 (g), 0.00001 (h) or 0.00001 (i); Phd2chon+ + MCT2i 
vs Phd2chon− + MCT2i, 0.0003 (a), 0.000002 (c), 0.005 (d) or 0.0003 (f); 
Phd2chon+ + vehicle vs Phd2chon− + MCT2i, 0.02 (b), 0.004 (BiP; e), 0.002 
(cATF6; e), 0.00007 (g), 0.0001 (h) or 0.00002 (i). Scale bars, 250 µm (g, h).
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Extended Data Fig. 9 | Administration of αKG increases collagen 
hydroxylation and bone mass in wild-type mice. a, Intracellular αKG in 
cultured chondrocytes, with or without supplementation of dimethyl-αKG 
(hereafter αKG). n = 4 biologically independent samples. b, p-AMPKT172 
and AMPK immunoblot with quantification of p-AMPKT172/AMPK 
ratio in cultured chondrocytes, with or without αKG supplementation. 
Representative images of 3 independent experiments are shown. c, Tibia 
length of mice treated with αKG. n = 5 mice. d, Collagen synthesis in 
cultured chondrocytes, with or without αKG supplementation. n = 4 
biologically independent samples. e, Immunoblot of BiP, cATF6 and 
β-actin in cultured chondrocytes, with or without αKG supplementation. 
Representative images of 3 independent experiments are shown.  
f, OH-Pro content in neonatal growth plates of mice treated with αKG. 
n = 5 biologically independent samples. g, Safranin O staining of the  
tibia of mice treated with αKG, and quantification of the percentage 
Safranin O-positive matrix relative to bone volume. n = 5 mice.  
h, COL2 immunostaining of the tibia of mice treated with αKG, with 
quantification of the percentage COL2-positive matrix (green) relative 
to bone volume. n = 5 mice. Arrowheads indicate COL2-cartilage 
remnants. i, 3D microCT models of the tibial metaphysis of mice treated 

with αKG, and quantification of trabecular bone volume, n = 5 mice. 
j, Immunoblot of HIF-1α and lamin A/C in cultured chondrocytes, 
with or without αKG supplementation. Representative images of 
3 independent experiments are shown. k, Relative mRNA levels of 
indicated genes in growth plates derived from mice treated with αKG. 
n = 3 biologically independent samples. Data are mean ± s.e.m. (a, 
b, d, e, j), or mean ± s.d. (c, f–i, k). #P < 0.05 (ANOVA), §P < 0.05 vs 
Phd2chon+ + vehicle (ANOVA). Exact P values: Phd2chon+ + vehicle vs 
Phd2chon− + vehicle, 0.000001 (a), 0.04 (b), 0.00000001 (c), 0.002 (d), 
0.046 (BiP; e), 0.011 (cATF6; e), 0.0003 (f), 0.0002 (g), 0.000004 (h), 
0.00002 (i), 0.03 (j), 0.00008 (P4ha1; k), 0.0007 (P4ha2; k), 0.0003 (P3h1; 
k), 0.004 (Plod1; k), 0.0005 (Plod2; k), 0.0005 (Pdi; k) or 0.002 (Lox; k); 
Phd2chon+ + vehicle vs Phd2chon+ + αKG, 0.000007 (a), 0.02 (f), 0.006 (g), 
0.00002 (h) or 0.0003 (i); Phd2chon+ + vehicle vs Phd2chon− + αKG, 0.02 
(b), 0.008 (BiP; e), 0.02 (cATF6; e), 0.005 (f), 0.0003 (g), 0.000002 (h), 
0.000003 (i), 0.010 (j), 0.0010 (P4ha1; k), 0.002 (P4ha2; k), 0.0011 (P3h1; 
k), 0.02 (Plod1; k), 0.00001 (Plod2; k), 0.007 (Pdi; k) or 0.004 (Lox; k); 
Phd2chon+ + αKG vs Phd2chon− + αKG, 0.0002 (a), 0.00000007 (c) or 0.002 
(d); Phd2chon− + vehicle vs Phd2chon− + αKG, 0.003 (a). Scale bars, 250 µm 
(g, h).

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Normalization of glucose oxidation corrects 
the energy deficit in PHD2-deficient chondrocytes. a–e, Glucose 
oxidation (a), oxygen consumption (b), palmitate oxidation (c), glutamine 
oxidation (d) and glycolytic flux (e) in cultured chondrocytes, with or 
without DCA treatment. n = 6 biologically independent samples (a), n = 3 
biologically independent samples (b–e). f, Proliferation, as determined 
by BrdU incorporation, of cultured chondrocytes, with or without DCA 
treatment. n = 3 biologically independent samples. g, Tibia length of 
mice treated with DCA n = 5 Phd2chon+ + vehicle, Phd2chon− + vehicle 
or Phd2chon− + DCA; n = 7 Phd2chon+ + DCA. h, i, BiP (h), cATF6 
(i) and β-actin immunoblot in cultured DCA-treated chondrocytes. 
Representative images of 3 independent experiments are shown. j, OH-
Pro content in neonatal growth plates of mice treated with DCA, with 
or without BPTES. n = 5 Phd2chon+ + vehicle or Phd2chon− + vehicle; 
n = 7 Phd2chon+ + DCA, Phd2chon+ + DCA + BPTES, Phd2chon− + DCA 
or Phd2chon− + DCA + BPTES. k, COL2 immunostaining of the tibia 
of mice treated with DCA, with or without BPTES, with quantification 
of the percentage COL2-positive matrix (green) relative to bone 
volume. n = 5 Phd2chon+ + vehicle; n = 7 Phd2chon− + vehicle, 
Phd2chon+ + DCA, Phd2chon+ + DCA + BPTES, Phd2chon− + DCA or 
Phd2chon− + DCA + BPTES. Scale bar, 250 µm. Arrowheads indicate 
COL2 cartilage remnants. l, 3D microCT models of the tibial metaphysis 
of mice treated with DCA, with or without BPTES, and quantification of 
trabecular bone volume. n = 5 Phd2chon+ + vehicle or Phd2chon− + vehicle; 

n = 7 Phd2chon+ + DCA, Phd2chon+ + DCA + BPTES, Phd2chon− + DCA 
or Phd2chon− + DCA + BPTES. m, Intracellular αKG levels in cultured 
chondrocytes treated with DCA, with or without BPTES. n = 4 biologically 
independent samples. n, Relative mRNA levels of indicated genes in 
growth plates derived from mice treated with DCA, with or without 
BPTES. n = 3 biologically independent samples. Data are mean ± s.e.m. 
(a–f, h, i, m), or mean ± s.d. (g, j–l, n). #P < 0.05 (ANOVA), §P < 0.05 
vs Phd2chon+ + vehicle, °P < 0.05 vs Phd2chon− + vehicle (ANOVA). 
Exact P values: Phd2chon+ + vehicle vs Phd2chon− + vehicle, 0.00002 (a), 
0.0006 (b), 0.0009 (c), 0.0096 (e), 0.003 (f), 0.00006 (g), 0.003 (h), 0.005 
(i), 0.0003 (j), 0.0000004 (k), 0.0002 (l), 0.002 (m), 0.00008 (P4ha1; n), 
0.00003 (P4ha2; n), 0.0004 (P3h1; n), 0.004 (Plod1; n), 0.005 (Plod2; n), 
0.0002 (Pdi; n) or 0.002 (Lox; n); Phd2chon+ + vehicle vs Phd2chon+ + DCA, 
0.003 (a); Phd2chon− + vehicle vs Phd2chon− + DCA, 0.0003 (a), 0.002 (b), 
0.003 (e), 0.02 (f), 0.00012 (g), 0.004 (h), 0.005 (i), 0.000003 (k) or 0.0001 
(l); Phd2chon+ + vehicle vs Phd2chon− + DCA, 0.005 (c), 0.000008 (j), 
0.0000002 (k), 0.00005 (l), 0.0004 (m), 0.0002 (P4ha1; n), 0.00003 (P4ha2; 
n), 0.00001 (P3h1; n), 0.0004 (Plod1; n), 0.001 (Plod2; n), 0.001 (Pdi; n) 
or 0.00008 (Lox; n); Phd2chon+ + vehicle vs Phd2chon+ + DCA + BPTES, 
0.0000002 (j), 0.0003 (k), 0.004 (l) or 0.005 (m); Phd2chon− + vehicle vs 
Phd2chon− + DCA + BPTES, 0.00002 (j), 0.000000002 (k), 0.000003 (l), 
0.0014 (m), 0.0008 (P4ha1; n), 0.0002 (P4ha2; n), 0.0001 (P3h1; n), 0.0001 
(Plod1; n), 0.001 (Plod2; n), 0.001 (Pdi; n) or 0.0002 (Lox; n).

© 2019 Springer Nature Limited. All rights reserved.
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Data collection qRT-PCR: StepOne Real-Time PCR software v2.3  
13C tracing: Agilent Mass Hunter B.08.00, Matlab 
scintillation counting: QuantaSmart TM V4 Perkin Elmer 
Seahorse flux analyzer: XF Reader 1.8.1.1 
collagen hydroxylation using MS: Proteome Discoverer 
DEXA: Lunar PIXImus software 1.42 
imaging, morphometric analysis: Zeiss Zen 2.5, Zeiss AxioVision 4.9.1 
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statistics: NCSS 8 
graphs: GraphPad Prism v7.0 
image analysis: ImageJ/FIJI

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.



2

nature research  |  reporting sum
m

ary
April 2018

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Figures 1-4 and Extended Data Figures 1-10 have associated raw data, provided as Excell files for all quantifications and as Supplemental Information Fig. 1 for 
uncropped blots and/or gel pictures 
 Any additional information required to interpret, replicate or build upon the findings of this study are available from the corresponding author upon reasonable 
request

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.
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studies in literature.

Data exclusions No data were excluded

Replication All experimental findings were reproduced in multiple independent experiments. For experiments using cultured chondrocytes, each 
independent experiment used chondrocytes isolated from another mouse. For each figure panel, the number of independent experiments or 
biological replicates is indicated in the figure legends. Data shown in figure panels are the mean of all independent biological repeats. Western 
blot pictures are from a representative experiment and the number of independent repeats is clearly indicated in the figure legends. The 
densitometric quantifications are the mean of the different independent experiments

Randomization No statistical methods were used for randomization. 
For in vitro experiments, cells were isolated from randomly chosen wild-type or knockout mice.  
For in vivo experiments, mice were randomly allocated into experimental groups.

Blinding Blinding was widely used in the study. Data collection and analysis, such as immunostaining, qRT-PCR, and Western blot were frequently 
performed by participants other than the experiment designer. During these data collection and analysis steps, all participants were routinely 
blinded to group allocation.
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Antibodies used Primary antibodies for Western blot analysis: 
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PHD2 (Bio-Techne): NB100-2219 (lot C-3, Rabbit) 
HIF-1a (Bio-Techne): NB100-105 (lot BF-5, Mouse) 
HIF-2a (Abcam): ab199 (Rabbit) 
phosphorylated AMPK-Threonin 172 (Cell Signaling Technologies): #2535 (40H9, lot 21, Rabbit) 
AMPK (Cell Signaling Technologies): #2532 (lot 19, Rabbit) 
Na+/K+ ATPase (Cell Signaling Technologies): #3010 (lot 3, Rabbit) 
LC3-II (Cell Signaling Technologies): #3868 (D11, lot 11, Rabbit) 
C-MYC (Cell Signaling Technologies): #5605 (D84C12, Rabbit) 
BiP (Santa Cruz Biotechnologies): sc-1051 (C-20, Goat) 
phosphorylated eIF2a-Serine 51 (Cell Signaling Technologies): #9721 (lot 14, Rabbit) 
eIF2a (Cell Signaling Technologies): #9722 (lot 11, Rabbit) 
ATF4 (Santa Cruz Biotechnologies): sc-200 (lot H2008, Rabbit) 
ATF6 (Bio-Techne): NBP1-40256 (70B1413.1, Mouse) 
type II collagen (Merck): MAB8887 (lot 0603026351, Mouse) 
phosphorylated mTOR-Serine 2448 (Cell Signaling Technologies): #5536 (D9C2, Rabbit) 
mTOR (Cell Signaling Technologies): #2983 (7C10, lot 10, Rabbit) 
phosphorylated p70 S6 kinase-Threonine 389 (Cell Signaling Technologies): #9234 (108D2, lot 11, Rabbit) 
p70 S6 kinase (Cell Signaling Technologies): #2708 (49D7, lot 7, Rabbit) 
phosphorylated 4E-BP1-Threonine 37/46 (Cell Signaling Technologies): #2855 (T37/46, lot 17, Rabbit) 
4E-BP1 (Cell Signaling Technologies): #9644 (53H11, lot 8, Rabbit) 
phosphorylated S6 Ribosomal protein (Cell Signaling Technologies): #4858 (Ser235/236, lot D57.2.2E, Rabbit) 
S6 ribosomal protein (Cell Signaling Technologies): #2217 (5G10, Rabbit) 
GLS1 (Abcam): ab93434 (lot GR253476-2, Rabbit) 
GLS2 (Abcam): ab113509 (Rabbit) 
b-actin (Sigma-Aldrich): A5441 (lot 026M, Mouse) 
Lamin A/C (Santa Cruz Biotechnologies): sc-376248 (lot C1413, Mouse) 
 
Secondary antibodies for Western blot analysis: 
anti-mouse HRP conjugated (Dako): P0161 (lot 00095192, Rabbit) 
anti-rabbit HRP conjugated (Dako): P0448 (lot 00094764, Goat) 
anti-goat HPR conjugated (Dako): P0160 (lot 00017775, Rabbit) 
 
Primary antibodies for immunohistochemical analysis: 
Hypoxyprobe-1 (Natural Pharmacia International): HP2-100 (4.3.11.3, Mouse) 
BrdU (Bio-Rad): OBT0030 (BU 1/75-ICR1, Rat) 
CD31 (BD Biosciences): 550274 (MEC 13.3, Rat) 
type I collagen (Bio-Techne): NB600-408(lot 38828, Rabbit) 
type II collagen (Merck): MAB8887 (lot 0603026351, Mouse) 
BiP (Santa Cruz Biotechnologies): sc-1051 (C-20, Goat) 
ATF6 (Bio-Techne): NBP1-40256 (70B1413.1, Mouse) 
phosphorylated S6 Ribosomal protein (Cell Signaling Technologies): #4858 (Ser235/236, lot D57.2.2E, Rabbit) 
 
Secondary antibodies for immunohistochemical analysis: 
anti-mouse biotin conjugated (Dako): E0433 (Goat) 
anti-rat biotin conjugated (Dako): 559286 (Goat) 
anti-rat biotin conjugated (Dako): E0468 (Rabbit) 
anti-mouse fluorescein (Sigma-Aldrich): F0257 (Goat) 
anti-rabbit-Cy3 (Jackson ImmunoResearch): 111-165-003 
anti-rabbit biotin conjugated (Dako): E0432 (Goat)

Validation All antibodies were obtained from indicated commercial vendors with ensured quality. In addition, all the antibodies have been 
used in multiple experiments to detect intended proteins in control samples with expected molecular weight to validate their 
effectiveness in our study.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals All mice used were on a C57BL/6J genetic background and analysis was performed on 2.5-day-old, 10-day-old, 10-week-old and 
14-week-old male mice. Chondrocyte-specific PHD2-deficient mice were generated by crossing Phd2-floxed mice (generated as 
described in Mazzone M. et al. Cell 2009) with transgenic mice expressing the Cre recombinase under the control of the type II 
collagen gene promotor (generated as described in Ovchinnikov DA. et al. Genesis 2000). Wild-type littermates (Phd2-floxed 
mice without expression of the Cre recombinase) were used as control. All mice from mutant strains were individually genotyped 
and correct excision of loxed alleles was determined.  
All colonies were housed and bred in individually ventilated cages in the animal facility of the KU Leuven.

Wild animals The study did not use any wild animals

Field-collected samples The study did not include field-collected samples
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