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ABSTRACT
Maintaining the correct proportions of different cell types in the bonemarrow is critical for bone function. Hypertrophic chondrocytes
(HCs) and osteoblasts are a lineage continuum with a minor contribution to adipocytes, but the regulatory network is unclear. Muta-
tions in transcription factors, IRX3 and IRX5, result in skeletal patterning defects in humans and mice. We found coexpression of Irx3
and Irx5 in late-stage HCs and osteoblasts in cortical and trabecular bone. Irx3 and Irx5 null mutants display severe bone deficiency in
newborn and adult stages. Quantitative analyses of bone with different combinations of functional alleles of Irx3 and Irx5 suggest
these two factors function in a dosage-dependent manner. In Irx3 and Irx5 nulls, the amount of bone marrow adipocytes was
increased. In Irx5 nulls, lineage tracing revealed that removal of Irx3 specifically in HCs exacerbated reduction of HC-derived osteo-
blasts and increased the frequency of HC-derived marrow adipocytes. β-catenin loss of function and gain of function specifically in
HCs affects the expression of Irx3 and Irx5, suggesting IRX3 and IRX5 function downstream of WNT signaling. Our study shows that
IRX3 and IRX5 regulate fate decisions in the transition of HCs to osteoblasts and to marrow adipocytes, implicating their potential
roles in human skeletal homeostasis and disorders. © 2020 American Society for Bone and Mineral Research.
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Introduction

The skeleton provides protection and support for the body,
but also functions as an endocrine organ that regulates

metabolic homeostasis, hematopoiesis, and acute stress
response.(1–3) Bone forms via intramembranous or endochondral
ossification.(4) For the endochondral bones, the osteochondro-
progenitors, shortly after mesenchymal condensation, differenti-
ate into chondrocytes to form cartilage and into osteoblast
progenitors in the surrounding perichondrium. The chondro-
cytes undergo proliferation before maturation marked by cell-
cycle exit and hypertrophy to form a cartilaginous growth plate,
which mediates longitudinal bone growth involving multiple lin-
eage decisions controlled by transcription factors and signaling
molecules.(5,6)

Recent lineage tracing studies have revealed the plasticity
and extended differentiation potential of chondrocytes.(7–9)

Hypertrophic chondrocytes (HCs) at the chondro-osseous

junction (late HCs) can switch cell fate and contribute to the full
osteogenic lineage in fetal and postnatal endochondral
bones. Some fetal-derived HC descendants persist into adult-
hood and the process is recapitulated in bone fracture
healing.(8,10–12) Morphological and molecular analyses have sug-
gested that the transformation of HCs to osteoblasts involves a
transition to a mesenchymal-like state and cell-cycle re-
entry.(1,13) This plasticity of chondrocytes in vivo in the growth
plate is consistent with the ability of isolated skeletal stem cells
to differentiate to become chondrocytes, osteoblasts, and adipo-
cytes under specific conditions in vitro.(9,14) The plasticity of HCs
is also illustrated by their survival and reversion to a
prehypertrophic-like state when subjected to ER stress.(15) How-
ever, knowledge of the factors that control the fate decisions
and transition from HCs to osteoblasts and other cell types are
incomplete.(16,17)

The differentiation of chondrocytes and osteoblasts is pre-
cisely controlled by transcriptional regulators including SOX9,
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RUNX2, and β-Catenin in the Wnt signaling pathway.(18–20)

Canonical Wnt signaling prevents osteoblasts from differentiat-
ing into chondrocytes.(19,21) Conditional ablation of Ctnnb1 in
early osteoblast progenitors results in failure of osteoblast differ-
entiation and switch to a chondrocytic fate. By contrast, stabiliza-
tion of β-catenin in osteoblast precursors causes premature but
impaired differentiation of osteoblasts.(19,21,22) HC-specific loss
of β-catenin resulted in a significant reduction of trabecular
bone,(23,24) but the downstream mechanisms are not clear.(17)

The Iroquois homeobox-containing transcription factors, IRX3
and IRX5, were identified as potential regulators in the HC gene
regulatory network by recent study.(25) In humans, mutations in
IRX5 cause Hamamy syndrome (OMIM: 611174), a recessive con-
genital disorder presenting with severe skeletal defects.(26–28)

Irx3 and Irx5 double-null mutants die from cardiac defects and
skeletal malformations at mid-gestation.(29,30) Notably, osteope-
nia was observed in 3-week-old to 4-week-old mice with
osteoblast-specific removal of Irx3/5.(31) IRX3 and IRX5 are also
implicated in regulating the balance between beige adipose tis-
sue (BAT) and white adipose tissue (WAT). Irx3 null mice and
transgenic mice expressing dominant-negative forms of IRX3 in
adipocytes displayed resistance to weight gain and greater
energy expenditure.(32,33) Irx5 null mice also displayed reduced
total fat mass and protection from obesity.(34) IRX3 has been
found to be a long-range target of human obesity-associated
variants within the intron of the fat mass and obesity-associated
gene FTO.(32,33,35,36) Therefore, IRX3 and IRX5 might function
cooperatively to control fate decision of HC lineage toward oste-
oblasts and adipocytes during bone development.

Here we investigate the role of IRX3/5 in regulating chondro-
cyte to osteoblast lineage transition. IRX3 or IRX5 loss-of-function
results in osteopenia. IRX3 and IRX5 control the development of
trabecular and cortical bone in a dosage-dependent manner. We
found that IRX3 and IRX5 are critical in HC to osteoblast lineage
decision by inhibiting the adipogenic fate. HC derived osteo-
blasts are reduced in Irx5 null mice, which are exacerbated by
ablating Irx3 specifically in HCs. Removal of Irx3 and Irx5 results
in a marked switch to adipogenic fate and increased numbers
of marrow adipocytes. This function of IRX3 and IRX5 is executed
as downstream members of the WNT signaling pathway.

Materials and Methods

Mouse maintenance and breeding

The Ctnnb1 floxed (loss of function) and Ctnnb1 exon 3 floxed
(gain of function)(37) (gifts of Y. Yang, Harvard University),
Irx3LacZ/LacZ (Irx3−/−),(38) Irx3floxIrx5EGFP/Irx3floxIrx5EGFP (Irx5−/−)
mice,(30) and Rosa26 tdTomato mice (R26td/+)(39) have been
described. Animal care and experiments were in accordance
with the protocols approved by the Committee on the Use
of Live Animals in Teaching and Research of the University
of Hong Kong.

Immunofluorescence, immunohistochemistry, and in situ
hybridization

Immunofluorescence, immunohistochemistry, and in situ hybridi-
zation were performed as described.(40,41) The antibodies used
were listed: rabbit anti-GFP (1:500; Abcam, Cambridge, UK),
chicken anti-β-galactosidase (1:500; Abcam), rabbit anti-RFP
(1:800; Abcam), goat anti-RFP (1:500; SICGEN, Carcavelos, Portu-
gal), rabbit anti-FABP4 (1:500; Antibody and Immunoassay

Services, University of Hong Kong, Pok Fu Lam, Hong Kong), and
rabbit anti-Perilipin (1:500; Cell Signaling Technology, Beverly,
MA, USA), and rabbit anti-cleaved Caspase 3 (1:200; Cell Signaling).

Micro-CT analyses of mouse skeleton

Micro-CT (μCT) imaging was performed on dissected bones using
the CT scanner (Skyscan 1076; Bruker, Kontich, Belgium) at a reso-
lution of 9 μm. The analyses on the trabecular region and cortical
bone in the middle diaphysis were performed as described.(42)

Osmium tetroxide staining

Osmium tetroxide staining with μCT analyses to visualize and
quantify bone marrow adipose was as described.(43) In brief,
bones were fully decalcified and stained with 1% osmium tetrox-
ide; Sigma-Aldrich, St. Louis, MO, USA for 48 to 72 hours at room
temperature. After washing with Sorensen’s phosphate buffer
(pH = 7.4), the stained bone was embedded in 1% low-melting
agarose gel and scanned again with the μCT.

X-gal staining

The skeletons of the Irx3LacZ mice were dissected, all skin and
muscle removed, and then fixed with 4% paraformaldehyde
(PFA); Sigma-Aldrich, St. Louis, MO, USA at 4�C for 30 min. The tis-
sues were washed (30 min × 3 times) with Rinse buffer (0.04%
NP40; BDH chemicals, Poole, UK, 2mM MgCl2, 0.02% deoxycho-
late, 5mM EGTA, 0.1M LiCl in PBS; ThermoFischer Scientific, Wal-
tham, MA, USA) and stained using X-gal staining buffer (5mM
K4Fe(CN)6; Sigma-Aldrich, St. Louis, MO, USA, 5mM K3Fe(CN)6;
Sigma-Aldrich, St. Louis, MO, USA, 1 mg/mL X-gal; USB, Cleve-
land, OH, USA, 0.05 mg/mL yeast tRNA; Sigma-Aldrich, St. Louis,
MO, USA in rinse buffer) in 37�C dark room for 6 hours with shak-
ing. The paraffin section was counterstained with eosin. The X-
gal signal was blue under bright field and pink under dark field.

Alcian blue staining

The paraffin sections were dewaxed and rehydrated before stain-
ing in 1% Alcian blue solution (pH 2.5); Sigma-Aldrich, St. Louis,
MO, USA for 20 min then counterstained with 0.1% Nuclear Fast
Red solution; Sigma-Aldrich, St. Louis, MO, USA for 5 min. The
excess stains were removed by distilled water, and the slides were
dehydrated and mounted with DePex; BDH Chemicals, Poole, UK.

Tartrate-resistant acid phosphatase staining

Rehydrated sections (EDTA decalcified) were incubated in 50 mL
basic medium with 0.5 mL Naphthol AS-BI phosphate solution;
Sigma-Aldrich, St. Louis, MO, USA (2% wt/vol in dimethyl form-
amide; VMR, Radnor, PA, USA) at 37�C for 1 hour. Nitrite-
pararosaniline solution was freshly prepared by mixing equal
volume of sodium nitrite solution (4% wt/vol sodium nitrite;
BDH Chemicals, Poole, UK in H2O) and pararosaniline dye;
Sigma-Aldrich, St. Louis, MO, USA (5% wt/vol paraosaniline dye
in 2 N HCL). Slides were transferred into development solution
(2 mL nitrite-pararosaniline solution into 50 mL basic medium)
for 5 to 12 min at 37�C before counterstaining with hematoxylin.
Basic stock incubation medium (pH 4.7–5.0): 100mM sodium
acetate; BDH chemicals, Poole, UK, 50mM sodium tartrate; BDH
Chemicals, Poole, UK, and 0.28% vol/vol acetic acid.
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Bulk RNA sequencing

Single tdTomato+ HC descendants were manually isolated from
postnatal day 5 (P5) tibial primary spongiosa under a fluorescent
microscope after digestion with TrypLE Express (30 min at 37�C)
(Thermo Fisher Scientific, Waltham, MA, USA). Isolated cells were
pooled for each respective genotype and transferred to a hypo-
tonic lysis solution containing RNase inhibitor, followed by cDNA
synthesis according to the Smart-seq2 protocol (Illumina, San
Diego, CA, USA).(44) Sequencing libraries were constructed using
the Nextera XT DNA sample prep kit (Illumina). Concentration
and quality of the libraries were assessedwith Qubit 2.0 Fluorom-
eter (Thermo Fisher Scientific) and Agilent 2100 high-sensitivity
DNA chip (Agilent Technologies, Santa Clara, CA, USA), respec-
tively, before sequencing at 100-bp pair-end on an Illumina
HiSeq 1500 (Illumina). Exogenous spike-in RNA (preformulated
blend of 92 transcripts, 250 to 2000 nucleotides long; ERCC
RNA Spike-In Mix; Thermo Fisher Scientific) was used as quality
control for individual samples to access the RNA degradation
level, and allow for conversion of fragments per kilobase million
(FPKM) values to transcripts per cell. All primary sequencing data
were deposited in the GEO website (GSE146111; https://www.
ncbi.nlm.nih.gov/geo/).

Bioinformatic analyses of RNA sequencing data

All Smart-seq2 sequencing data were individually aligned to the
reference mouse genome (mm10) and gene expression (FPKM
values) was calculated for each transcript using the TopHat and
Cufflinks package.(45) The high-throughput sequencing (HTS)
HTSeq package sequencing read count was calculated as
described.(46)

Cell culture, DNA transfection, and luciferase assay

Dual luciferase assay was performed as described.(25) In brief,
ATDC5 cells were grown to �70% to 80% confluency before
transfection with pGL3-basic luciferase reporters (Promega,
Madison, WI, USA) containing regulatory elements from Irx3
(−951 bp to +225 bp) and Irx5 (−1825 bp to +96 bp) loci and
pCDNA-mWnt3a vector (gift of Dr. Bo Gao, The University of
Hong Kong; Original pCDNA vector; Addgene, Watertown, MA,
USA) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Luciferase activity was measured according to the manufac-
turer’s instructions (Dual Luciferase Reporter Assay Kit; Promega,
San Luis Obispo, CA, USA). Luciferase expression was calculated
as a fold-change relative to the activity of Renilla luciferase.

Statistics

Mice analyzed at different ages were of mixed gender. Data
presented are the averages with standard deviation (n ≥ 3).
Statistical significance level was evaluated by Student’s t test
(two-tailed, unpaired) between two groups, or one-way ANOVA,
Tukey’s multiple comparisons test among three groups. The dif-
ference with p < .05 is considered to be significant.

Results

Irx3 and Irx5 are expressed in late hypertrophic
chondrocytes and osteoblasts

Transcriptome data from different regions of the developing
mouse growth plate(25) showed peak expression of Irx3 and

Irx5 in late HCs (Fig. 1A,D). We characterized the expression pat-
terns of Irx3 and Irx5 in genetic reporter mice (Irx3LacZ/+ and
Irx5EGFP/+).(30) In the tibial growth plate, Irx3 was expressed in
late HCs and osteoblasts in the trabecular region, periosteum,
and endosteum, and in osteocytes in cortical bone (Fig. 1B,C).
Irx5 showed a similar expression pattern to Irx3 (Fig. 1E,F).
Co-staining of beta-galactosidase (LacZ) and enhanced green
fluorescent protein (EGFP) in Irx3LacZIrx5+;Irx3+Irx5EGFPmice indi-
cate that Irx3 and Irx5 are coexpressed in the osteoblast lineage
(Fig. 1G–I). To investigate the role of Irx3 and Irx5 in bone develop-
ment and lineage differentiation, we examined the skeletal mor-
phologies of Irx3−/− (Irx3LacZ/LacZ) and Irx5−/− (Irx5EGFP/EGFP) single
knockoutmice with controlmice. Irx3−/− and Irx5−/−mice showed
reduced body weight and generalized shortening of body length
(nose tip to tail base) (Fig. 1J,K; Supplemental Fig. S1). X-rays
showed reduced bone mineralization intensity in Irx3−/− and
Irx5−/− mice comparing to control littermates (Fig. 1L–O;
Supplemental Fig. S1), suggesting that IRX3 and IRX5 are crucial
for both bone development and homeostasis.

Removal of Irx3 and Irx5 results in impaired osteoblast
differentiation and reduced bone formation

To understand whether the bone loss in Irx3 and Irx5mutants is a
developmental defect, we first examined the developing growth
plate and bones at the fetal stage embryonic day 15.5 (E15.5).
Here the calcification of the primary spongiosa in the bone mar-
row cavity was reduced in Irx3 and Irx5mutants, as visualized by
Alcian blue and von Kossa staining (Fig. 2A,B). Histological exam-
ination of tibias from P10 and 4-week-old littermates revealed
osteoporotic phenotypes in the proximal and distal trabecular
regions and thinner cortical bone in Irx3−/− (Fig. 2C,G; Supple-
mental Fig. S2A,I,M) and Irx5−/− mice (Fig. 2K,O; Supplemental
Fig. S2E,Q,U). At the 4-week stage, histology and in situ hybridiza-
tion of HC-specific marker Col10a1, showed no significant
change in the size of the hypertrophic zone with removal of
IRX3 or IRX5 (Supplemental Fig. S3A, a’–c’). μCT analyses revealed
marked decreases in proximal and distal trabecular bone volume
concerning total volume (BV/TV) and bone mineral density
(BMD) in Irx3−/− (Fig. 2D–F; Supplemental Fig. S2B-D,J–L) and
Irx5−/− (Fig. 2L–N; Supplemental Fig. S2F-H,R–T) mice compared
to wild-type or heterozygous littermates. Cortical bone thickness
and density were also reduced in Irx3−/− (Fig. 2H–J; Supplemental
Fig. S2N–P) and Irx5−/− (Fig. 2P–R; Supplemental Fig. S2V–X) mice.
The generalized reduction in cortical and trabecular bone in the
Irx3 and Irx5mutants is therefore consistent with their expression
pattern.

To elucidate the mechanism(s) underlying bone loss in Irx3
and Irx5 null mice, we next examined the molecular markers in
trabecular and cortical bones. In situ hybridization showed the
number of cells expressing the osteoblastic marker Col1a1 in
the trabecular regions was decreased (Supplemental Fig. S3A,
d’–f’) and the intensity of Col1a1 staining in the cortical bones
was reduced (Supplemental Fig. S3A, g’–i’). The number of
mature osteocytes labeled by SOST was markedly reduced in
the cortical bone from Irx3 and Irx5 null mice (Supplemental
Fig. S3B, a’–d’). Thus, removal of Irx3 or Irx5 impairs osteoblast dif-
ferentiation from embryonic to adult stages.

Given that Irx3 and Irx5 are expressed in late HCs and osteo-
blasts, and HCs become osteoblasts in endochondral bone
development, we characterized mouse mutants with different
Irx gene dosage in HCs (denoted by the number of functional
alleles for Irx3 and Irx5; eg, wild-type for Irx3;Irx5 is 2;2, compound
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heterozygote Irx3+Irx5+/Irx3−Irx5/−, is 1;1, and so on. Functional
alleles for conditional HC mutants generated by Col10a1-Cre(8)

are denoted as Irx3ΔHC/ΔHC and 0ΔHC). We focused on the trabec-
ular region where late HCs become osteoblasts, to test whether
Irx3 and Irx5 regulate endochondral bone formation in a
dosage-dependent way. Mineralization density was progres-
sively decreased with the loss of Irx gene dosage compared to
wild-type and heterozygous controls (Supplemental Fig. S4).

Quantification of bone volume by μCT analyses showed that
bone formation was reduced by 31.97% in Irx3−Irx5+/Irx3−Irx5+

(0;2, Irx3−/−) and by 35.34% in Irx3+Irx5−/Irx3+Irx5− (2;0, Irx5−/−)
(Fig. 2S). Complete removal of both Irx genes in HCs (0ΔHC;0,
Irx3ΔHCIrx5−/Irx3ΔHCIrx5−), impacted more severely, leading to a
53.25% reduction in bone volume (Fig. 2S). Overall, increasing
severity of skeletal defects, such as reduced trabecular bone ossi-
fication, was correlated with the removal of functional Irx3 and

Fig 1. Expression patterns of Irx3 and Irx5 in chondrocytes and osteoblasts. (A,D) Microarray expression pattern of Irx3 (A) and Irx5 (D). (B,C) Endogenous Irx3
expression pattern revealed by X-gal staining of Irx3LacZ/+mice at P10 stage. Dark field (B) is shown for the growth plate and trabecular region. Bright field (C)
is shown for cortical bone. Scale bar = 100 μm. (E,F) Endogenous IRX5 expression pattern reflected by staining of EGFP on P10 Irx5EGFP/+mice in the growth
plate (E) and cortical bone (F). White dotted line indicates chondro-osseous junction. The arrows point to Irx3 or Irx5 expressing HCs and osteocytes, respec-
tively. (G–I) Coexpression of IRX3 and IRX5 shown by staining of β-galactosidase (green), EGFP (Red) and DAPI (blue), on the cortical bones from Irx3LacZIrx5+/
Irx3+Irx5EGFP mice. Osteocytes in the cortical bone and osteoblasts in the endosteum were arrowed. (J,K) Comparison of body weight and body length in
Irx3−/− and Irx5−/− mice with corresponding controls. (L–O) Bone density of tibias shown by X-ray in Irx3−/−, Irx5−/− mice and littermate controls. Scale
bar = 1 cm. Data presented are the averages with standard deviations from five animals per genotype. Values of p calculated by Student’s t test, two-tailed,
unpaired. Scale bar = 100 μm. PZ = proliferating zone; pHZ = pre-hypertrophic zone; UHZ = upper hypertrophic zone; LHZ = lower hypertrophic zone.
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Fig 2. Reduced bone formation in Irx3−/− and Irx5−/− mutant mice. (A,B) Alcian blue and von Kossa staining on tibia sections from Irx3+/− and Irx3−/− (A),
Irx5+/− and Irx5−/− (B) mice at E15.5 (Embryonic Day 15.5). (C) Alcian blue stained proximal tibias from Irx3+/− and Irx3−/− mice at P10 stage. (D) Represen-
tative μCT reconstruction of proximal tibias from P10 Irx3+/+, Irx3+/− and Irx3−/− littermates. (E,F) Analyses of the trabecular BMD (one-way ANOVA
p = .0008) and trabecular BV/TV (one-way ANOVA p < .0001) in Irx3−/− mutants as compared to Irx3+/+ and Irx3+/− controls (p values between different
groups calculated by Tukey’s multiple comparisons test were shown in the box plot). (G) Alcian blue–stained cortical bones from Irx3+/− and Irx3−/− mice.
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Irx5 alleles, confirming their dosage dependent functions during
bone development.

IRX3 and IRX5 direct the HC lineage toward osteogenic
cell fate

Bone homeostasis is maintained by the balance between forma-
tion by osteoblasts and resorption by osteoclasts.(47) We com-
pared the frequency of tartrate-resistant acid phosphatase
(TRAP) expressing osteoclasts in the trabecular region of mutants
versus littermate controls. The numbers of TRAP+ osteoclasts were
comparable in Irx3−/− and Irx5−/− mice with corresponding con-
trols (Supplemental Fig. S5A–E). Staining of cleaved caspase 3 also
showed similar numbers of apoptotic cells among these litter-
mates (Supplemental Fig. S5F–J), ruling out the possibility that
reduced bone formation inmutants was caused by increased apo-
ptosis in osteoblasts. Given that Irx3 and Irx5were expressed in the
lower hypertrophic zone, and HCs can become osteoblasts,(8) the
loss of these two genes may affect the chondrocyte lineage pro-
gression to osteoblasts. We used the Col10a1-Cre: R26td/+ reporter
system to trace HCs in Irx3−/− mice. Fewer HC descendants were
detected in the primary spongiosa of Irx3−/− and Irx3ΔHCIrx5−/
Irx3ΔHCIrx5− mice compared with heterozygous littermates
(Fig. 3A,B,D,E). Quantitative analyses showed that the numbers
of HC descendants were reduced by approximately 42%
and 45%, respectively, in Irx3−/− and Irx3ΔHCIrx5−/Irx3ΔHCIrx5−mice
compared with controls (Fig. 3C,F). This suggested that Irx3
and Irx5 might play important roles in the lineage progression
of HCs.

To test whether the HC-to-osteoblast transition was defective
in Irx3 and Irx5 compound mutants, we used tdTomato staining
coupled with Col1a1 in situ hybridization to quantify the number
of HC-derived osteoblasts. Within the primary spongiosa, the
Irx3ΔHCIrx5−/Irx3ΔHCIrx5−mice displayed fewer Col1a1 expressing
cells. Fewer double-labeled (Td+/Col1a1+) HC-derived osteo-
blasts were detected in the mutant trabecular region (Fig. 4A–
E). In Irx3ΔHCIrx5−/Irx3ΔHCIrx5− mice, the fraction of differentiated
osteoblasts of HC origin (Td+/Col1a1+ cells) as a proportion of
total HC descendants (Td+ cells) was only 21.34%, in contrast to
34.76% in Irx3+Irx5+/Irx3+Irx5+ mice (2;2, the wild type) (Fig. 4F).
The contribution of HC-derived osteoblasts to the entire osteo-
blast pool in the trabecular and endosteal compartments was
also lower in the mutants. The percentage of HC-derived Td+/
Col1a1+ cells as a proportion of total Col1a1+ cells in Irx3ΔH-
CIrx5−/Irx3ΔHCIrx5− mice dropped approximately 25% compared
to the wild-type control (Fig. 4G). Additionally, co-staining for
tdTomato and osterix shows that fewer double-labeled (Td+/
Osterix+) osteoblasts are found in mutant compared to

heterozygous control, in trabecular region of the distal tibia
(Supplemental Fig. S7A–D). These data indicate that ablation of
Irx3 and Irx5 in HCs impaired their transition and differentiation
to osteoblasts, reducing the contribution of HC-derived osteo-
blasts to endochondral bone.

Loss of Irx3 and Irx5 increases the HC transition toward
adipocytes

Given that human IRX3 is associated with adipogenesis and
obesity,(32,33) and HCs can become osteoblasts and adipocytes
in zebrafish(48) and mice,(49) we investigated whether the
decrease of HC-derived osteoblasts was caused by a lineage shift
toward adipocytes. By coupling osmium tetroxide staining and
μCT analysis, we found a significant increase of adipocyte tissue
in the bone marrow of Irx3−/− and Irx5−/− mutants compared
with heterozygotes (Fig. 5A–E). Staining using adipocyte markers
Perilipin and FABP4 showed that more adipocytes were present
in Irx3 and Irx5 single null mutants in distal tibia (Fig. 5F–J; Sup-
plemental Fig. S6A–E), suggesting IRX3 and IRX5 negatively reg-
ulate adipogenesis in the HC-lineage descendants. Consistent
with osmium tetroxide staining, no adipocytes can be detected
in proximal tibias on P10 either in wild-type or Irx3/5 mutants
(Supplemental Fig. S7E,F). This finding is consistent with the
reported variation in adipocyte development between proximal
and distal tibias.(50)

To investigate whether specific ablation of Irx3 and Irx5
would affect the fate determination of HC-derived cells, we
double-labeled cells with HC lineage marker and adipocyte
marker Perilipin at the early initiation stage of marrow adipo-
genesis. A small portion of Perilipin+ adipocytes colocalized
with tdTomato (driven by Col10a1-Cre) at the distal tibia of
P10 mice (Fig. 6A,C), implying that in wild-type mice, HC
descendants are able to differentiate to adipocytes in the pri-
mary spongiosa. Interestingly, Irx3ΔHCIrx5−/Irx3ΔHCIrx5− mice
displayed more double-positive HC-derived adipocytes (Td+/
Perilipin+) than the heterozygous control (Fig. 6A–D). The
Td+ descendants was approximately 30% lower in the Irx
mutants (Fig. 6E), whereas the Perilipin+ adipocytes was about
50% higher than controls (Fig. 6F). The HC-derived Td+/Perili-
pin+ adipocytes was about doubled in the mutants compared
to controls (Fig. 6G). The percentage of double-labeled cells
among the HC descendants (Td+) increased from 1.4% in con-
trols to 4.8% in mutants (Fig. 6H), indicating that more HC
descendants became adipocytes instead of osteoblasts.
Among Perilipin+ adipocytes, 31% HC-derived cells were
found in control mice, compared with 48% in the mutants
(Fig. 6I). However, the total numbers of non-Td+ adipocytes

(H) Representative μCT reconstruction of cortical bones from Irx3+/+, Irx3+/−, and Irx3−/− littermates. (I,J) Analyses of the cortical bone density (one-way
ANOVA p = .0031) and thickness (one-way ANOVA p = .013) in Irx3+/+, Irx3+/− and Irx3−/− littermates (p values between different groups calculated by Tukey’s
multiple comparisons test are shown in the box plot). (K) Alcian blue–stained proximal tibias from Irx5+/+ and Irx5−/− mice at P10 stage. (L) Representative μCT
reconstruction of proximal tibias from Irx5+/+, Irx5+/−, and Irx5−/− littermates. (M,N) Analyses of the trabecular BMD (one-way ANOVA p < .0001) and BV/TV (one-
way ANOVA p < .0001) in Irx5−/− mutants as compared to Irx5+/+ and Irx5+/− controls (p values between different groups calculated by Tukey’s multiple com-
parisons test were shown in the box plot). (O) Alcian blue–stained cortical bones from P10 old Irx5+/+ and Irx5−/−mice. (P) Representative μCT reconstruction of
cortical bones from Irx5+/+, Irx5+/−, and Irx5−/− littermates. (Q,R) Analyses of the cortical bone density (one-wayANOVA p= .0031) and thickness (one-wayANOVA
p < .0001) from Irx5+/+, Irx5+/−, and Irx5−/− littermates (p values betweendifferent groups calculated by Tukey’smultiple comparisons test were shown in the box
plot). (S) Comparison of trabecular BV/TV betweenWTwith different dosages of functional Irx3/5 allele. Bracketed numbers indicate the functional gene dosages
of Irx3 and Irx5, respectively. Data presented are the averageswith standard deviations from five animals per genotype. Values of p calculated by Student’s t test,
two-tailed, unpaired. Scale bar = 100 μm. BMD = bone mineral density; BV/TV = bone volume over total volume; HZ = hypertrophic zone; POC = primary ossi-
fication center.
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were comparable between mutants and control littermates
(Fig. 6J). This observation suggested that the increased por-
tion of adipocytes were mainly derived from HCs. Overall,
removal of Irx3 and Irx5 function in HCs disrupted the lineage
extension to osteoblasts and skewed the fate of HC descen-
dants toward adipogenesis.

In addition to appendicular bone, we also found fate change
of HC descendants in vertebrae. Fewer HC descendants and
HC-derived osteoblasts (labeled by Td+/Osterix+) were observed
in sacral vertebrae in Irx3/5 mutants (Supplemental Fig. S7G–L).
Similar to tibia, more HC-derived adipocytes (Td+/Perilipin+)
can be identified in sacral vertebrae ofmutants compared to het-
erozygous controls (Supplemental Fig S7M,N). Therefore loss of
Irx3/5 function leads to a similar change in cell fate in both the
appendicular and axial skeleton.

To clarify the above changes in the cell population composi-
tion upon ablation of IRX3 and IRX5, we compared the percent-
ages of HC-derived and non–HC-derived osteoblasts and
adipocytes in the Irx3/5 mutants and corresponding controls.
The total HC-derived population (Td+ cells) was reduced at both
P5 and P10 stages (Supplemental Fig. S8A,C), though the degree
of reduction was not to the same extent (45.3% at P5 and 31.4%
at P10), reflecting possible differences in postnatal growth
stages. The HC-derived osteoblasts (Col1a1+/Td+ cells) dramati-
cally decreased (Supplemental Fig. S8A,B), while the HC-derived

adipocytes (Perilipin+/Td+ cells) were significantly increased
(Supplemental Fig. S8C,D), regardless of whether as a proportion
of total Td+ descendants or total Perilipin+ adipocytes. However,
the percentage of non–HC-derived osteoblasts (Col1a1+/Td−

cells) was also decreased in the Irx3/5 mutants (Supplemental
Fig. S8B). Because IRX5 is required for osteoblast differentiation
in endochondral and membranous bones,(31) this result could
be due to the complete absence of Irx5 in both HC derived
and non–HC-derived lineages in the mutants. Interestingly, the
percentages of non–HC-derived adipocytes (Perilipin+/Td− cells)
were comparable betweenmutants and controls (Supplemental
Fig. S8D), suggesting that IRX5 does not control or is dispensable
for the differentiation of non–HC-derived marrow adipocytes
when IRX3 is intact.

Irx3 and Irx5 are downstream targets of Wnt/β-catenin that
direct HCs toward the osteogenic lineage by inhibiting
adipogenesis

Stabilization of β-catenin in late HCs is crucial for trabecular bone
formation and differentiation of HC-derived osteoblasts.(23,24)

Canonical Wnt signaling represses adipogenesis of white adi-
pose tissue,(51) and removal of β-catenin in pre-osteoblasts alters
the cell fate balance from osteogenesis toward adipogenesis.(52)

Because Irx3 is a direct target of β-catenin during neural axis

Fig 3. Reduced HC descendants in Irx3−/− and Irx3ΔHCIrx5−/Irx3ΔHCIrx5−mutants. (A,B) Staining of tdTomato on proximal tibia sections from P5 Col10a1cre/+;
Irx3−/−; R26tom/+ mutants and littermate heterozygous controls. (C) Quantification of tdTomato-positive descendants in the trabecular region 200 μm
beneath the chondro-osseous junction in A and B (dotted line region) (D,E) Staining of tdTomato on proximal tibia sections from P5 Irx3ΔHCIrx5−/Irx3ΔH-
CIrx5−;R26td/+mutants and littermate heterozygous controls. (F) Quantification of tdTomato-positive descendants in the trabecular region 200 μm beneath
the chondro-osseous junction in D and E (dotted line region). Data are displayed as averages with standard deviations from five nonconsecutive sections
in three animals of each genotype. Values of p calculated by Student’s t test, two-tailed, unpaired. Scale bar = 100 μm.
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patterning in Xenopus,(53) we tested whether IRX3 and IRX5
mediate Wnt signaling in HCs and descendants by determining
the impact of HC-specific loss-of-function or gain-of function of
β-catenin on their expression levels in vivo. For this, 70 HC-
descendant cells were isolated from the proximal tibia of each
pup (two controls, four β-catenin loss-of-function, and two
β-catenin gain-of-function mutants at P5 stage) for bulk RNA
sequencing. Expression of Irx3 and Irx5 was markedly decreased
as a result of HC-specific β-catenin loss-of-function and by con-
trast were increased in the gain-of-function HC-Ctnnb1 mutants
(Fig. 7A), suggesting that Irx3 and Irx5 are downstream targets
of β-catenin in HC descendants. To explore this regulatory pre-
diction, we examined the in vivo derived chromatin immunopre-
cipitation followed by sequencing (ChIP–seq) data of β-catenin
in Xenopus(54) and found significant presence of β-catenin-bound
regions in the promoter and intergenic regions of Irx3 and Irx5
loci. We cloned the proximal promoter regions of Irx3 and Irx5
containing conserved canonical T-cell specific transcription fac-
tor/lymphoid enhancer binding factor (TCF/LEF) binding
motifs(55) into a luciferase reporter vector and tested the ability

of exogenous Wnt3a to mediate transactivation of the expres-
sion of these reporters in ATDC5 cells, a chondrogenic cell line(56)

(Fig. 7B,C). Increasing doses of Wnt3a overexpression drove cor-
responding increases in Irx3 and Irx5 promoter-driven luciferase
reporter activities, consistent with their regulation by Wnt/β-
catenin signaling in vivo (Fig. 7A).

Discussion

The discovery of the HC-to-osteoblast lineage continuum has
added a new dimension to concepts of the lineage origin of oste-
oblasts in the endochondral bones and other cell types in the
bone marrow.(16,17) We have shown the potential of HCs to con-
tribute to osteoblast and adipocyte lineages. By combining ana-
lyses of the phenotypic and cellular impact of reducing
the dosage of Irx3 and Irx5 in single and compound null
mutants, with HC-specific lineage tracing, we have revealed a
dosage-dependent role of IRX3 and IRX5 in the control of bone
development and HC lineage transition, affecting the cellular

Fig 4. Reduced frequency of HC-derived osteoblasts in Irx3ΔHCIrx5−/Irx3ΔHCIrx5− mutants. (A,B) Staining of tdTomato (brown) followed by in situ hybrid-
ization with Col1a1 (black) on proximal tibia sections from P5 Irx3ΔHCIrx5−/Irx3ΔHCIrx5−;R26td/+ mutants and littermate controls. Black dotted line indicates
chondro-osseous junction. (C–E) Col1a1+/tdTomato+ (pink arrows), tdTomato+ cells (red arrows) and Col1a1+ (blue arrows) cells in the trabecular regions
are shown at higher magnification. (F,G) Quantification of Col1a1+/tdTomato+ cells in the trabecular regions frommutant and control mice relative to HC
descendants (all tdTomato+) and osteoblasts (all Col1a1+), respectively. Data are displayed as averages with standard deviations from five nonconsecutive
sections in three animals of each genotype. Values of p calculated by Student’s t test, two-tailed, unpaired. Scale bar = 100 μm.

Journal of Bone and Mineral Research IRX3 & IRX5 INHIBIT HYPERTROPHIC CHONDROCYTE ADIPOGENIC DIFFERENTIATION 2451 n

 15234681, 2020, 12, D
ow

nloaded from
 https://asbm

r.onlinelibrary.w
iley.com

/doi/10.1002/jbm
r.4132, W

iley O
nline L

ibrary on [13/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



composition of osteoblasts and adipocytes in bone marrow. Our
data implicate the importance of these potent transcription fac-
tors in controlling cell-fate decisions during the lineage exten-
sion of chondrocytes, moderating the proportions of HC
descendants favoring osteogenic lineage versus adipogenic fate.
Upon depletion of Irx3 and Irx5, HC-derived adipocytes are
increased in the bone marrow, suggesting that IRX3 and IRX5,
downstream of Wnt/β-catenin, act as molecular regulators of
osteogenic lineage commitment of HC descendants via inhibit-
ing adipogenic differentiation (Fig. 7D).

Bone marrow mesenchymal stem cells can give rise to osteo-
blasts and adipocytes. In humans, the rate of bone formation is
negatively correlated with bone marrow adiposity and the adi-
pocyte proportion is significantly increased in patients with oste-
oporosis.(57) Marrow adipogenesis initiates at the neonatal stage.
Osteogenesis and adipogenesis compete with each other in
mesenchymal cell fate commitment, and interrupting WNT sig-
naling results in cell fate switching from osteoblasts to

adipocytes.(52) Removal of β-catenin from early osteoblastic pre-
cursors results in arrested osteoblast differentiation,(19,21) while
activation of Wnt signaling results in inhibition of preadipocyte
differentiation into mature adipocytes via reducing PPARγ
expression,(58) raising the possibility that Wnt signaling acts to
control the cell fate of HCs toward osteoblastic and adipogenic
progenitors. Recent studies have provided in vivo evidence that
removal of β-catenin in the osteoblastic or chondrogenic line-
ages markedly reduced bone mass and increased bone marrow
adipocytes.(23,52) Removal of β-catenin in HCs using a transgenic
Col10a1-Cre mouse resulted in reduced bone and increased
FABP4-expressing adipocytes associated with blood vessels.(23)

However, the HC origin of adipocytes was not demonstrated.
The cell fate shift from osteoblasts to adipocytes found in the

Irx3/5 mutants led us to hypothesize that IRX3 and IRX5 act
downstream of WNT signaling to determine the fate of chondro-
cytes in their lineage extension toward osteogenesis or adipo-
genesis (Fig. 7D). In Irx3/5 mutants, osteoblast differentiation

Fig 5. Depletion of Irx3 and Irx5 results in elevated amounts of marrow adipocytes. (A–D) Osmium tetroxide staining and μCT reconstruction of the tibias
from P10 Irx3−/− and Irx5−/−mutants and heterozygous controls. (E) Quantification of percentage of bonemarrow adipocyte volume over total inner cavity
volume in Irx3−/− and Irx5−/− mutants and corresponding controls. (F–I) Staining of Perilipin on distal tibia sections from P10 Irx3−/− and Irx5−/− mutants
and corresponding controls. Scale bar = 100 μm. (J) Quantification of Perilipin+ adipocytes inmarrow space of Irx3−/− and Irx5−/−mutants and correspond-
ing heterozygous littermate controls. Three nonconsecutive sections in each of five animals per genotype are quantified and the averaged data with stan-
dard deviations were presented in bar charts. Values of p calculated by Student’s t test, two-tailed, unpaired. Scale bar = 100 μm.
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was attenuated, with decreased HC-derived osteoblasts and
increased HC-derived marrow adipocytes. The specific stage in
the lineage extension process impacted by loss of Irx3/5 is still
unclear. Studies for the future would involve identification of
the intermediate cell populations during the normal transition
from HCs to osteoblasts, and determination of the associated
gene regulatory networks, which would provide further insights
into possible mechanisms by which these factors control HC to
osteoblast transition and maintain the spectrum of skeletal
stem/progenitor cells identified in developing and mature
bones.(59–63) Identifying the molecular switches of osteogenesis
and adipogenesis is particularly critical when formulating strate-
gies to counteract aberrant lineage balance associated with
pathological conditions such as osteoporosis, aging, and meta-
bolic deficiency. It would be important to study if the effect on
HC to osteoblast lineage decision persists with aging in mice as
the progression of HCs to osteoblasts diminishes, and whether
IRX3 and IRX5 also control cell fate decision during the bone

fracture healing when the HC to osteoblast transition also
occurs.(8,10–12,64)

Bone marrow adipose tissue (MAT) has recently been
regarded as another type of adipose tissue in addition to white
adipose tissue (WAT) and brown adipose tissue (BAT), and serves
as an endocrine organ regulating energy homeostasis, obesity,
insulin resistance, inflammation, and immunity.(65–69) Irx3 null
mice show 30% loss of body fat mass and increased browning
of WAT.(32) Intriguingly, we found increased numbers of bone
marrow adipocytes in both Irx3 and Irx5 null mice, suggesting
the correlation betweenMAT and body fat. Although the specific
contribution of MAT to overall physiology and metabolic control
is still unclear, it is thought to function as a special regulator of
bone metabolism and may contribute to global metabo-
lism.(66,68) Increased MAT is associated with lower bone mineral
density and increased skeletal fragility in aging cohorts, and
patients with osteoporosis or estrogen deficiency,(70) caloric
restriction, anorexia nervosa,(71) or type 1 diabetes.(72) Patients

Fig 6. Depletion of Irx3 and Irx5 in HCs results in elevated amounts of bone marrow adipocytes derived from HCs. (A–D) Double staining of Perilipin
(green) and tdTomato (td, red) on distal tibia sections from P10 Irx3ΔHCIrx5−/Irx3ΔHCIrx5−;R26td/+mutants and control littermates. Perilipin+ adipocytes from
control (C) and mutant (D) mice are shown at higher magnification. The green and yellow arrows indicate non-HC-derived (Td−/Perilipin+) (C) and HC-
derived (Td+/Perilipin+) (D) adipocytes, respectively. Scale bar = 100 μm. (E–J) Quantification of different populations in the bone marrow of P10
Irx3ΔHCIrx5−/Irx3ΔHCIrx5−;R26td/+ mutants and littermate controls. (E) Quantification of td+ cells. (F) Quantification of total Perilipin+ adipocytes. (G)
Quantification of Perilipin+/td+ adipocytes. (H) Percentage of Perilipin+/td+ relative to total td+ HC descendants. (I) Percentages of Perilipin+/td+ relative
to total Perilipin+ cells. (J) Quantification of Perilipin+/td− adipocytes. Three nonconsecutive sections in each of five animals per genotype are quantified
and the averaged data with standard deviations were presented in bar charts. Values of p calculated by Student’s t test, two-tailed, unpaired.
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Fig 7. Transcriptional regulation of Irx3 and Irx5 byWNT/β-catenin. (A) Expression change of Irx3 and Irx5 in β-catenin loss of function and gain of function
mutants compared to control by bulk RNA sequencing. (B,C) Luciferase assay on Irx3 and Irx5 promoters in ATDC5 cells showing concentration-dependent
activation by recombinant Wnt3a. Equal amounts of expression plasmids were used for each well in three independent experiments. (D) Model of IRX3
and IRX5 in control of HC lineage progression and cell fate decision.
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with IRX5 mutations showed skeletal anomalies with repeated
long bone fractures.(28) Although the amount of MAT in these
patients has not been assessed, our discovery of increased mar-
row adipocytes in Irx3/5 mutant mice highlights the crucial role
of Irx3/5 in maintaining the balance between osteoblasts and
adipocytes in bone. It is interesting that noncoding variation in
the intronic region of the FTO gene can affect the adipocyte
expression of IRX3 and IRX5.(32,33,35,36) The association of the
FTO variants with metabolic disease(32,33,35,36) raises the possibil-
ity that the impact may be associated with alterations in
amounts of MAT regulated by IRX3/5.

The skewed proportion of HC-derived adipocytes compared
to osteoblasts in the Irx3/5mutants suggests their roles in deter-
mining HC fate choice. It has been established that the HC to
osteoblast transition also occurs in bone fracture repair in adult
mice.(10) Mesenchymal stem cells are well known to be able to
differentiate into adipocytes and osteoblasts. It is therefore pos-
sible that non–HC-derived mesenchymal stem cells in the bone
marrow, when unable to express Irx3/5, may likewise adopt an
adipogenic fate. Because increased marrow adiposity persists
in older mice when the hypertrophic chondrocytes are largely
reduced in number, a question arising is whether in humans,
the impact of cell fate change when the growth plate is active
may persist after growth plate closure and contribute to the
development of disorders of low bone mass such as osteoporo-
sis. The distinct functions of Irx3 and Irx5 in the control of body
fat and MAT, and the connection between BAT, WAT and MAT,
still require further investigation. Our study has extended impli-
cations for the specific roles of IRX3 and IRX5 in controlling bal-
ance of chondrocyte-derived osteoblasts and MAT. Future
studies should exploit these findings to dissect the specific role
of MAT and potential impact on whole-body metabolism by
manipulating it independent of BAT and WAT. The identification
of a β-catenin, IRX3 and IRX5 gene regulatory axis that controls
the HC-osteoblast transition, ensuring osteogenesis over adipo-
genesis (Fig. 7D), has wide-ranging implications for bone biology
and clinical application, with relevance to age-related bone loss,
regeneration, and repair, bone diseases such as osteoporosis,
and metabolic disorders such as obesity.
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