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Abstract

Histone deacetylase (HDAC) inhibitors are efficacious epigenetic-based therapies for some 

cancers and neurological disorders; however, each of these drugs inhibits multiple HDACs and has 

detrimental effects on the skeleton. To better understand how HDAC inhibitors affect 

endochondral bone formation, we conditionally deleted one of their targets, Hdac3, pre- and 

postnatally in type II collagen α1 (Col2α1)–expressing chondrocytes. Embryonic deletion was 

lethal, but postnatal deletion of Hdac3 delayed secondary ossification center formation, altered 

maturation of growth plate chondrocytes, and increased osteoclast activity in the primary 

spongiosa. HDAC3-deficient chondrocytes exhibited increased expression of cytokine and matrix-

degrading genes (Il-6, Mmp3, Mmp13, and Saa3) and a reduced abundance of genes related to 

extracellular matrix production, bone development, and ossification (Acan, Col2a1, Ihh, and 

Col10a1). Histone acetylation increased at and near genes that had increased expression. The 
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acetylation and activation of nuclear factor κB (NF-κB) were also increased in HDAC3-deficient 

chondrocytes. Increased cytokine signaling promoted autocrine activation of Janus kinase (JAK)–

signal transducer and activator of transcription (STAT) and NF-κB pathways to suppress 

chondrocyte maturation, as well as paracrine activation of osteoclasts and bone resorption. 

Blockade of interleukin-6 (IL-6)–JAK–STAT signaling, NF-κB signaling, and bromodomain 

extraterminal proteins, which recognize acetylated lysines and promote transcriptional elongation, 

significantly reduced Il-6 and Mmp13 expression in HDAC3-deficient chondrocytes and 

secondary activation in osteoclasts. The JAK inhibitor ruxolitinib also reduced osteoclast activity 

in Hdac3 conditional knockout mice. Thus, HDAC3 controls the temporal and spatial expression 

of tissue-remodeling genes and inflammatory responses in chondrocytes to ensure proper 

endochondral ossification during development.

INTRODUCTION

Endochondral ossification is a dynamic developmental process wherein mesenchymal 

progenitor cells differentiate into chondrocytes and form a cartilaginous template for bone 

mineralization. During periods of skeletal growth, chondrocytes produce a matrix rich in 

type II collagen and proteoglycans such as aggrecan. Growth plate chondrocytes eventually 

become hypertrophic and stimulate vasculogenesis to recruit the osteoclasts and osteoblasts 

that remodel and ossify bone (1, 2). Chronic inflammation can alter endochondral bone 

development and interrupt skeletal growth (3–6). Despite the negative structural 

consequences of chronic inflammation, growth plate chondrocytes produce inflammatory 

cytokines and matrix-degrading enzymes during development (3, 7, 8). Thus, controlled 

local expression of these proteins may have a role in skeletal formation and maintenance. 

Understanding the complex molecular regulatory pathways controlling each step of 

endochondral ossification and production of cytokines by chondrocytes is needed to improve 

our understanding of skeletal development, as well as that of regeneration, because tissue 

repair processes mediated by inflammatory cytokines and endochondral bone formation are 

also essential and sequential steps of bone fracture repair (9–11).

Histone deacetylases (HDACs) affect various cellular processes but are best known as 

transcriptional corepressors that epigenetically control gene transcription by removing acetyl 

groups from lysine side chains of histone tails. The removal of these posttranslational 

modifications from histones prevents the recruitment of readers, such as bromodomain- or 

YEATS domain–containing proteins, thereby promoting chromatin compaction and 

repression of RNA polymerase II–dependent gene expression (12–14). Humans and mice 

have just 18 HDACs, which are divided into four classes on the basis of their structure and 

function. Class I HDACs (HDAC1, HDAC2, HDAC3, and HDAC8) predominately localize 

to the nucleus, although HDAC3 has also been detected at plasma membranes (15). Class I 

HDACs are ubiquitously expressed and have high enzymatic activity toward histone 

substrates and thus serve as the enzymatic subunits of multiprotein repressive complexes. 

Class II HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10) vary from 

class I HDACs in that they shuttle between the nucleus and cytoplasm and have more 

temporal and spatial gene expression patterns. Class II HDACs have low intrinsic enzymatic 

activity and therefore often recruit class I HDACs for most of their enzymatic activity. Class 
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III HDACs [sirtuins (SIRTs)] are substantially different from the other HDACs in that they 

require nicotinamide adenine dinucleotide (NAD+) instead of zinc (Zn2+) for their catalytic 

activity and thus are inhibited by different small molecules. Class IV consists of only 

HDAC11, which shares characteristics of both class I and class II HDACs.

HDACs can deacetylate proteins other than histones, including transcription factors [nuclear 

factor κB (NF-κB), RUNX2, p53, and signal transducer and activator of transcription 3 

(STAT3)], to posttranslationally influence their stability and activity (16–23). HDACs are 

particularly important during development when gene expression programs change quickly 

as cell fate and function are determined. Small molecules with inhibitory activity for class I 

and II HDACs have been used to treat many cancers and mood disorders, and are in clinical 

trials for the treatment of neurological disorders and arthritis (24–26). However, many of 

these inhibitors, such as suberanilohydroxamic acid (SAHA), which is also known as 

vorinostat, are nonspecific and target multiple HDACs. As a result, off-target effects are 

common, particularly in the context of skeletal development and repair. For example, in 

utero exposure to HDAC inhibitors causes birth defects (27–31), and long-term exposure 

increases fracture risk in children and adults and reduces bone density in mice (32–36). 

Therefore, it is important to define the biological roles of individual HDACs in the skeleton.

HDAC3, HDAC4, HDAC5, and HDAC7 are crucial for endochondral ossification (24, 37). 

HDAC3 is highly expressed by osteoblasts and chondrocytes and acts as a corepressor for 

RUNX2, ZFP521, class II HDACs (HDAC4, HDAC5, and HDAC7), and other 

transcriptional regulators (38–40). Germline deletion of Hdac3 causes embryonic lethality 

during midgestation [embryonic day 9.5 (E9.5)] several days before skeletogenesis begins 

(41). Tissue-specific ablation of Hdac3 in osteoblasts [using osteocalcin (OCN)–Cre], in 

osteoprogenitors [using osterix (OSX1)–Cre], and in neural crest cells (using WNT1-Cre or 

PAX3-Cre) has demonstrated its importance in long bone and craniofacial bone development 

(42–46); however, the specific role of HDAC3 in chondrocyte maturation remains to be 

investigated.

Here, we examined the role of HDAC3 in hyaline cartilage development by genetically 

deleting it in vitro and in vivo. Prenatal deletion of Hdac3 in chondrocytes caused embryonic 

lethality, but postnatal deletion using an inducible conditional knockout (CKO) system 

produced animals with several skeletal abnormalities, including delayed secondary 

ossification center (SOC) formation, delayed maturation of epiphyseal plate cartilage, and 

increased osteoclastogenesis. Transcriptomic and chromatin analyses of HDAC3-deficient 

immature murine chondrocytes (IMCs) revealed increased expression of cytokine and 

matrix-degrading genes and reduced expression of genes related to extracellular matrix 

composition and deposition, bone development, and ossification. The altered secretome of 

HDAC3-deficient chondrocytes had autocrine and paracrine effects on bone formation and 

matrix remodeling, suggesting an important role of HDAC3 in controlling the coupling of 

chondrocyte maturation and bone modeling. Inhibition of cytokine-controlled pathways 

[namely, Janus kinase (JAK)–STAT or NF-κB] or of bromodomain extraterminal (BET) 

proteins that recognize acetylated proteins rescued many of the defects observed in Hdac3-

depleted chondrocytes. Furthermore, inhibition of JAK signaling suppressed osteoclast 

recruitment in Hdac3-CKO mice. Together, these results demonstrate that HDAC3 plays an 
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important role in endochondral bone formation by maintaining temporal and spatial 

regulation of gene expression and downstream signaling factors that are crucial in 

chondrocyte maturation, proper long bone growth, and ossification. Furthermore, our study 

provides genetic evidence that HDAC3 normally attenuates cytokine expression during 

skeletal development to control the JAK-STAT and NF-κB pathways, and thereby supports 

cartilage extracellular matrix formation and remodeling.

RESULTS

HDAC3 is essential for chondrocyte maturation

Previous experiments showed that HDAC3 is abundant in proliferating and hypertrophic 

growth plate chondrocytes of 1-month-old mice (44). Further analysis revealed that HDAC3 

is detectable in these zones as early as E14.5 (fig. S1). To determine the physiological role of 

HDAC3 in chondrocytes during endochondral ossification, Hdac3 was first conditionally 

deleted in cells expressing Cre recombinase under the control of the Col2a1 promoter 

(Hdac3-CKOCol2a1 mice). Col2a1 is expressed in embryonic cartilaginous structures as early 

as E10.5 and in developing skeletal structures at E13.5 (47–49). Hdac3 conditional 

heterozygous mice (Hdac3fl/+; Col2a1-Cre+, hereafter called HET mice) were born at 

expected Mendelian ratios (fig. S2A) and were normal in size (fig. S2B). However, no 

Hdac3-CKOCol2a1 animals were born in nine litters (fig. S2A). Hdac3-CKOCol2a1 and HET 

mice were detected at E10.5, but only HET mice were present at E16.5. Thus, Hdac3 
expression in chondrocytes is necessary during these early stages of skeletal formation 

between E10.5 and E16.5.

Postnatal ablation of Hdac3 in chondrocytes delays endochondral ossification

To further understand the role of HDAC3 in endochondral ossification, we next used a 

model that would allow for postnatal deletion of Hdac3 and bypass the embryonic lethality 

of Hdac3-CKOCol2a1 mice. Hdac3fl/fl mice were crossed to mice carrying the tamoxifen-

inducible Col2a1-Cre transgene to generate Hdac3-CKOCol2ERT pups. These animals were 

given a single subcutaneous injection of tamoxifen or vehicle (control) on post-natal day 5 

(P5). HDAC3 protein abundance was significantly lower in the growth plates of 4-week-old 

Hdac3-CKOCol2ERT animals (Fig. 1A), and Hdac3 mRNA expression in the xiphoid process 

was on average 60% below normal at 8 weeks of age (Fig. 1B). Hdac3-CKOCol2ERT animals 

weighed about 50% less at 4 weeks of age than did vehicle-injected mice. Weight 

deficiencies were resolved by 8 weeks, but femur length was not corrected (Fig. 1, C and D).

Severe delays in SOC formation were first observed in tibiae of 9-day-old Hdac3-

CKOCol2ERT animals, 4 days after administration of tamoxifen, and were more pronounced 

at 14 days of age (Fig. 1, E and F). By 4 weeks of age, the SOCs were fully formed in both 

control and Hdac3-CKOCol2ERT animals, but defects in the growth plates of the Hdac3-

CKOCol2ERT animals were evident. The growth plates of Hdac3-CKOCol2ERT animals were 

18% thinner than those in control animals in the interior region of the growth plate, but were 

67% thicker on the medial side and 57% thicker on the lateral region (Fig. 1, E, G, and H). 

Tamoxifen did not affect the growth plates of wild-type C57BL/6 mice (fig. S3). We 

previously showed that Hdac3 deletion in osteoblasts increases phosphorylated γH2A.X, 
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which is a marker of DNA double-strand breaks and a possible indicator for both senescence 

and apoptosis (43). Immunohistochemistry revealed an increased abundance and earlier 

presence of phosphorylated γH2A.X in the growth plates of 2- and 4-week-old Hdac3-

CKOCol2ERT mice (Fig. 1I). In contrast, abundance of the angiogenic marker platelet 

endothelial cell adhesion molecule–1 (PECAM-1) was reduced in the epiphyses of postnatal 

Hdac3-CKOCol2ERT animals, both in the SOC and at the transition of hypertrophic 

chondrocytes of the growth plate into the primary spongiosa (Fig. 1J), indicating delayed 

vascularization in Hdac3-CKOCol2ERT. Together, these data demonstrate that HDAC3 is 

required for postnatal long bone development and indicate that functions of HDAC3 in 

chondrocytes include protecting DNA integrity, promoting vasculogenesis, and coupling the 

final stages of chondrocyte maturation to ossification.

HDAC3 regulates the chondrocyte transcriptome and chromatin landscape

To understand molecular and epigenomic mechanisms by which HDAC3 controls 

chondrocyte maturation and endochondral ossification, IMCs were isolated from 7-day-old 

Hdac3f l/f l mice, plated in chondrogenic micromass cultures, and transduced with 

adenoviruses expressing Cre recombinase (Ad-Cre) or green fluorescent protein (Ad-GFP). 

HDAC3 abundance was reduced more than 50% in the Ad-Cre–transduced (HDAC3-

depleted) cultures, and the lysine acetylation of histones H3 and H4 (H3K9/K14ac, 

H3K56ac, H3K27ac, and H4K5/K8/K12/K16ac) was increased in Hdac3-depleted 

chondrocytes (Fig. 2A). Ad-Cre–transduced IMC micromasses produced fewer 

proteoglycans, indicating delays in chondrocyte maturation (Fig. 2B). Transcriptional 

profiling by RNA sequencing (RNA-seq), functional clustering analysis, and subsequent 

quantitative polymerase chain reaction (qPCR) validation experiments confirmed that the 

expression of many markers of chondrocyte maturation (including Col2a1, Acan, Ihh, and 

Col10a1) was suppressed in Hdac3-depleted cultures (Fig. 2C and figs. S4 and S6). On the 

other hand, HDAC3-deficient IMCs highly expressed numerous genes encoding cytokines 

and related signaling pathways that are classically linked to inflammation (Fig. 2D and figs. 

S5 and S6). Notable among the genes induced in HDAC3-depleted chondrocytes were 

cytokines and chemokines (Il-6, Cxcl1, and Saa3), as well as factors contributing to cartilage 

catabolism [matrix metal-loproteinase (MMP)–encoding genes Mmp3 and Mmp13] (Fig. 

2D). Genome-wide chromatin immunoprecipitation sequencing (ChIP-seq) showed that the 

abundance of H3K27ac was greater within and near genes that were induced in Hdac3-

depleted IMC micromasses (Fig. 2, E to G) but was unchanged in genes that were 

suppressed (Fig. 2, H and I).

Increased abundance of interleukin-6 (IL-6) and MMPs was confirmed in Hdac3-depleted 

IMC supernatants by enzyme-linked immunosorbent assay (ELISA) and a fluorescence 

resonance energy transfer–based fluorometric MMP assay, respectively (Fig. 3, A and B). 

Il-6 transcripts were also induced in immortalized chondrocytes (ATDC5 cells) plated in 

either monolayer (Fig. 3C) or micromass (Fig. 3D) and in the presence of either the pan-

HDAC inhibitor SAHA or the HDAC3-specific inhibitor RGFP966. RGFP966 also induced 

the expression of Mmp13 transcripts in ATDC5 cells (Fig. 3, E and F). Together, these 

results demonstrate that HDAC3 deficiency suppresses chondrocyte maturation and 

increases the acetylation and expression of cytokine and matrix remodeling genes.
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Hdac3 deletion induces cytokine signaling in chondrocytes

Gene set enrichment analysis (GSEA) (50, 51) revealed that STAT and NF-κB transcription 

factor–binding motifs were significantly enriched in genes with increased expression in 

Hdac3-depleted IMCs (fig. S7). To determine whether increased production of cytokines 

(IL-6) initiated autocrine signaling events in HDAC3-deficient chondrocytes, JAK-STAT 

signaling was examined. Phosphorylation of Tyr705 in STAT3 was increased in Hdac3-

depleted IMC micromasses, as well as in ATDC5 micromasses and primary wild-type 

murine chondrocytes cultured in micromasses treated with RGFP966 (Fig. 3, G to I). JAK 

inhibitors reduced the phosphorylation of STAT3 in HDAC3-deficient IMC micromasses 

(Fig. 3J and figs. S8 and S9). JAK inhibition slightly increased Col2a1 mRNA expression 

(Fig. 3K) and substantially reduced Il-6 and Mmp13 gene expression (note log scales), but 

not Saa3 transcripts in HDAC3-depleted chondrocytes (Fig. 3, L to N, and figs. S8 and S9). 

These results demonstrate that increased autocrine expression of cytokines suppresses 

maturation of HDAC3-depleted chondrocytes. However, the incomplete rescue of 

chondrogenesis and gene expression patterns suggests that other mechanisms are also 

operative.

Given the enrichment for NF-κB factor binding sites in induced genes, we next examined 

NF-κB signaling. The p65 (RelA) subunit of the NF-κB complex is an HDAC3 substrate 

(22, 23). Consistent with these results from other cell types (22, 23, 52, 53), deletion of 

HDAC3 in chondrocytes increased p65 acetylation at K310 (Fig. 4A). In control 

chondrocytes, p65 was primarily cytoplasmic in both cellular fractionation and 

immunofluorescence experiments (Fig. 4, B to D). However, in HDAC3-depleted 

chondrocytes, p65 was more prevalent in the nucleus.

To modulate the effects of increased nuclear p65 on HDAC3-depleted chondrocytes, 

micromasses were simultaneously transduced with Ad-GFP or Ad-Cre and an adenovirus 

expressing a dominant-negative inhibitor of NF-κB subunit β (IKKβ) (dnIKK2). As 

expected, dnIKK2 increased cytoplasmic abundance and reduced nuclear abundance of p65 

(Fig. 4, E and F). HDAC3-depleted chondrocytes expressing dnIKK2 produced fewer Il-6, 

Mmp13, and Saa3 transcripts (Fig. 4, G to I), but Col2a1 mRNA expression was not 

changed (Fig. 4J). Combining the JAK Inhibitor I with dnIKK2 or an IKK2 inhibitor 

reduced Il-6 expression below those observed with either inhibitor alone, but did not affect 

Mmp13 expression (fig. S10).

Given the large increases in H3K27 acetylation observed in induced genes (Fig. 3) and the 

increased acetylation of p65, we next examined whether inhibiting readers of acetylated 

lysines could affect gene expression in HDAC3-deficient chondrocytes. The BET family of 

proteins recognizes acetylated lysines on histones, p65, and other proteins and promotes 

transcriptional elongation (54). The BET small-molecule inhibitor JQ-1 completely reduced 

Il-6, Mmp13, and Saa3 transcripts in HDAC3-deficient chondrocytes but did not affect 

Col2a1 levels (Fig. 4, K to N). Together, these results demonstrate that HDAC3 is essential 

for Col2a1 gene expression and also facilitates chondrocyte maturation by suppressing 

histone acetylation of genes encoding cytokines and matrix remodeling enzymes, and 

repressing NF-κB and STAT signaling.
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HDAC3-deficient chondrocytes increase osteoclast proliferation and differentiation in 
culture

To determine whether the secretome of HDAC3-deficient chondrocytes influenced bone 

resorption, in vitro osteoclastogenesis assays were performed. Osteoclast and chondroclast 

recruitment, proliferation, and differentiation are essential for the resorption of the type II 

collagen–rich cartilaginous matrix and the recruitment of osteoblasts that replace it with a 

type I collagen–rich matrix that can be mineralized. Many factors influence osteoclast 

formation and function (55, 56). In particular, IL-6 stimulates the proliferation and 

differentiation of bone marrow monocytes into osteoclasts (57, 58). Thus, bone marrow 

monocytes from wild-type C57BL/6 mice were incubated overnight with 15% (v/v) CM 

from control (Ad-GFP) or HDAC3-deficient (Ad-Cre) IMC micromass cultures before 

adding osteoclast differentiation medium. Bone marrow cells treated with CM from 

HDAC3-depleted IMC micromasses had more mature, tartrate-resistant acid phosphatase–

positive (TRAP+) osteoclasts by day 4 of differentiation, compared to cultures treated with 

CM from control chondrocytes (Fig. 5, A and B). Expression of osteoclast genes (Ctsk, Oc-

Stamp, Nfatc1, Oscar, and Rank) was also increased in osteoclast cultures incubated with the 

CM of HDAC3-deficient micromasses (Fig. 5C). JAK inhibitors blocked osteoclastogenesis 

induced by CM from HDAC3-depleted micromasses (Fig. 5, D and E). A neutralizing 

antibody that binds to IL-6 also reduced osteoclastogenesis from CM of HDAC3-deficient 

micromasses (Fig. 5, F and G). Thus, an essential role of HDAC3 in chondrocytes is to 

suppress the expression of secreted factors that promote premature osteoclast activation and 

matrix degradation during endochondral bone development.

IL-6, MMP13, and osteoclast activity are increased in Hdac3-CKOCol2ERT mice

To determine whether the increased expression of Il-6 observed in HDAC3-depleted 

chondrocyte micromasses also occurred in vivo, IL-6 protein was measured in sera from 

Hdac3-CKOCol2ERT mice at 2 weeks after birth. IL-6 abundance was increased 6.5-fold in 

Hdac3-CKOCol2ERT mice compared to vehicle-injected mice in which IL-6 concentrations 

were near or below detection limits of the ELISA (Fig. 6A). Increases in circulating IL-6 

were due to Col2-Cre–driven HDAC3 depletion alone and not tamoxifen, because Hdac3fl/fl 

animals injected with tamoxifen did not have increased abundance of circulating IL-6 (Fig. 

6A). Immunohistochemistry revealed that IL-6 protein abundance was drastically increased 

in the growth plate chondrocytes of Hdac3-CKOCol2ERT mice. In particular, increased IL-6 

abundance was detected prematurely in resting, proliferating, and prehypertrophic 

chondrocytes compared to control mice where IL-6 is restricted to the hypertrophic 

chondrocytes (Fig. 6B). We and others have observed that, in addition to being highly active 

in cartilage, the Col2ERT-Cre driver is also active in a subset of bone marrow mesenchymal 

progenitor cells, lining cells, and osteocytes (fig. S11A) (59–61). IL-6 is normally produced 

by cells in these regions but did not appear to be as drastically increased there in Hdac3-

CKOCol2ERT mice as compared to its aberrant presence in the growth plate (fig. S11B). 

Although the growth plate is avascular, there is a region in the midplate that is more 

permissive for the diffusion of paracrine factors to the perichondrium and the vasculature 

(62). Thus, HDAC3 depletion in growth plate chondrocytes, particularly those in the 

midplate, likely contributes to elevated serum IL-6 levels.
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MMP13 protein abundance was also evaluated by immunohistochemistry in the tibiae of 

Hdac3-CKOCol2ERT and control mice at P9 (Fig. 6C). MMP13 protein was restricted to 

hypertrophic chondrocytes in control animals, but was detected prematurely in proliferating 

and prehypertrophic chondrocytes, and at higher amounts in hypertrophic chondrocytes in 

Hdac3-CKOCol2ERT mice. These results further support the importance of HDAC3 in 

controlling temporal and spatial gene activation, particularly of extracellular matrix 

remodeling factors during chondrocyte maturation.

To assess chondroclast and osteoclast presence in the growth plates of HDAC3-deficient 

mice, TRAP activity was measured in tibial sections from 4-week-old Hdac3-CKOCol2ERT 

mice and corresponding controls. The Hdac3-CKOCol2ERT animals displayed increased 

TRAP activity with-in the primary spongiosa at 4 weeks of age (Fig. 6D). Total numbers of 

TRAP+ cells within the primary spongiosa were significantly greater in Hdac3-CKOCol2ERT 

mice compared to control mice (Fig. 6E). Hdac3-CKOCol2ERT animals also had increased 

numbers of TRAP+ cells per bone perimeter and elevated TRAP+ surface areas (Fig. 6, F 

and G).

To understand the consequences of chondrocytic HDAC3 deficiency in chondrocytes on 

bone structure, femurs from 2-month-old Hdac3-CKOCol2ERT mice animals were subjected 

to micro-CT. Cancellous bone density was lower in Hdac3-CKOCol2ERT mice (Fig. 6, H and 

I) due to reductions in trabecular bone number (Fig. 6J) and thickness (Fig. 6K), which 

increased trabecular spacing (Fig. 6L).

Finally, Hdac3-CKOCol2ERT mice were treated with ruxolitinib, a clinically approved and 

orally available JAK inhibitor. Daily JAK inhibitor treatments for 2 weeks between 6 and 8 

weeks of age reduced TRAP+ osteoclast numbers in the primary spongiosa in Hdac3-

CKOCol2ERT mice to amounts observed in control mice (Fig. 6M). This short treatment 

regimen modestly increased cancellous bone density and trabecular bone number and 

thickness in control and Hdac3-CKOCol2ERT mice (fig. S12). These results suggest that 

Hdac3 deletion in chondrocytes not only compromises terminal chondrocyte maturation, 

matrix remodeling, and subsequent ossification but also influences other cell types involved 

in endochondral bone formation, such as osteoclasts and chondroclasts (Fig. 6N).

DISCUSSION

This study elucidates the essential functions for autologous HDAC3 in proper growth plate 

chondrocyte maturation and long bone development. Mice in which Hdac3 is deleted in 

chondrocytes (Hdac3-CKOCol2ERT) also exhibit a number of cartilage-extrinsic phenotypes 

including delayed angiogenesis, accelerated bone resorption, and severely reduced bone 

mineral density. These results demonstrate that HDAC3 controls cell-cell communication 

between chondrocytes and cell types required for the integrated development of cartilage, 

bone, and blood vessels during skeletal development. In particular, we observed that HDAC3 

loss in chondrocytes deregulates the cell-autonomous expression of many cytokines and 

MMPs that appear to be required for skeletal matrix modeling during endochondral bone 

formation.
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Cytokines like IL-6 are classically thought of as proinflammatory or anti-inflammatory 

factors based on their potent biological effects as systemic factors. Yet, our results indicate 

that these ligands also have key roles as mediators of cell communication during normal 

bone development. Although cartilage lacks major blood vessels, chondrocytes 

communicate with each other and other cell types in neighboring bone and periosteal tissues 

including osteoclast and chondroclast precursors and endothelial cells through several 

mechanisms. Factors produced by growth plate chondrocytes can diffuse through a 

permissive region in the mid-plane of the growth plate near the prehypertrophic zone to the 

periosteum at a rate inversely proportional to their size (62). MMPs that digest matrix 

components and fluid flow could further facilitate the movement and release of molecules 

that may be stored in the matrix. Our results indicate that HDAC3 specifically controls the 

expression of MMPs as well as important cytokines in growth plate chondrocytes, and this 

may have systemic effects. Together, we propose that HDAC3-mediated suppression of 

cytokines and matrix remodeling genes in chondrocytes may facilitate coordination of 

cartilage development and bone formation during normal endochondral ossification, as well 

as perhaps in cartilaginous callous formation during bone fracture repair.

Transcriptome data and clinical findings support this interpretation that originates from 

skeletal phenotyping of our Hdac3 conditional null mice. Our RNA-seq data show that 

normal primary mouse chondrocytes expressed a number of cytokines and chemokines, but 

their abundances were significantly increased when HDAC3 was inactivated. The 

physiological production of these soluble factors in growth plate and articular chondrocytes 

suggests that these ligands have a normal role during mouse skeletal formation and 

maintenance when produced at appropriate levels. Chronic inflammation has direct and 

indirect effects on chondrocytes and interrupts endochondral ossification during 

development, resulting in many clinical manifestations, including permanently shortened 

limbs (3–6). Because HDAC3-mediated control of cytokines appears to be an essential 

physiological mechanism for skeletogenesis, as well as normal cartilage formation and 

maintenance, these clinical findings can perhaps be reevaluated as a potential perturbation of 

normal cytokine-mediated signaling pathways.

Our data show that deletion of Hdac3 derepressed proinflammatory and matrix degrading 

signaling pathways by hyperacetylating histones and NF-κB in chondrocytes. Robust NF-κB 

activation and expression of cytokines are also observed when Hdac3 was deleted in T 

regulatory lymphocytes (63). Among the many genes that were highly induced and 

hyperacetylated, Il-6 and Mmp13 were validated in vivo. The increased production of IL-6 

and MMP13 had autocrine effects on HDAC3-depleted chondrocyte cultures. IL-6 activated 

the JAK-STAT signaling pathway in the HDAC3-depleted micromasses, and a JAK inhibitor 

partially reduced Il-6 and Mmp13 expression but did not increase Col2a1 expression or 

decrease Saa3 expression. These reductions in Il-6 and Mmp13 are consistent with the 

ability of JAK inhibitors to suppress inflammatory cytokine production in models of aging 

and frailty (64). In comparison, blockade of NF-κB signaling suppressed Mmp13 and Saa3 
expression but also did not affect Col2a1 expression. Additionally, preventing BET proteins 

from recognizing the acetylated marks significantly suppressed Il-6, Mmp13, and Saa3 
expression. In summary, our study provides a molecular mechanistic explanation for the 

physiological deregulation of cytokine signaling in chondrocytes, because deacetylation of 
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histones and NF-κB promotes gene induction as predicted and Hdac3 deletion affects 

signaling pathways in chondrocytes that control the expression of JAK-STAT– and NF-κB–

dependent cytokines and MMPs.

This work is of biomedical importance because HDAC inhibitors are increasingly 

recognized and clinically tested as potential therapies for many conditions and diseases 

including cancer and neurological disorders due to their epigenetic reprogramming 

capabilities (24–26). These conditions include several forms of arthritis (26, 65, 66). In 

animal models of osteoarthritis, which typically occurs after the skeleton is mature, HDAC 

inhibitors slowed disease progression (67–70). Moreover, in models of rheumatoid arthritis 

and periodontitis, HDAC inhibitors blocked bone resorption and osteoclast activation (65, 

71–73). These favorable outcomes may be due to the ability of HDAC inhibitors to 

neutralize leukocyte populations that are major sources of inflammatory cytokines and 

chemokines (74–78). However, evidence that HDAC inhibitors have detrimental effects on 

the developing skeleton also exists (27–31). This study demonstrates that endochondral 

ossification was unfavorably affected in a number of ways by HDAC3 depletion in growth 

plate chondrocytes. Additional studies will need to be performed on osteoclasts and articular 

chondrocytes in adult mice to fully comprehend the role of HDAC3 in joint health and 

disease.

In summary, HDAC3 plays a crucial role in regulating the chondrocyte transcriptome by 

modifying the chromatin landscape and controlling non-histone protein activity, both of 

which allow for necessary temporal and spatial control of gene expression during the highly 

orchestrated process of endochondral bone formation. Loss of HDAC3 in culture models and 

in vivo delays ossification, alters terminal chondrocyte hypertrophy, and disrupts the 

coupling of chondrocyte maturation to ossification, by decreasing angiogenesis and 

increasing osteoclast activity. Furthermore, our study provides both physiological and 

molecular mechanistic evidence that these skeletal phenotypes are linked to HDAC3 control 

of histone acetylation, as well as the JAK-STAT and NF-κB signaling in response to the 

production of cytokines, chemokines, and MMPs in chondrocytes. The developmental 

effects of perturbing HDAC3-controlled pathways have lasting consequences by 

compromising bone quality, architecture, and overall skeletal health.

MATERIALS AND METHODS

Generation of Hdac3-CKO animals

C57BL/6 mice harboring Hdac3 alleles with loxP sites in introns flanking exon 7 (Hdac3fl/fl) 

were crossed to C57BL/6 mice expressing noninducible Col2a1-Cre or a tamoxifen-

inducible Col2a1-Cre (Col2a1ERT-Cre; The Jackson Laboratory) to generate Hdac3-

CKOCol2 and Hdac3-CKOCol2ERT mice, respectively. Hdac3-CKOCol2ERT mice pups were 

administered a single injection of tamoxifen (1 mg; Sigma-Aldrich) or its solvent, corn oil 

(control), on P5 as previously described to promote recombination (49). To assess the 

localization of cells producing the Col2a1ERT-Cre transgene, Col2a1ERT-Cre mice were 

crossed to Rosa26 reporter mice [R26R, B6.129S4-Gt (ROSA) 26Sortm1Sor/J; The Jackson 

Laboratory, strain no. 003474] as previously described (59). Animals were housed in an 

accredited facility under a 12-hour light/dark cycle and provided water and food (PicoLab 
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Rodent Diet20, LabDiet) ad libitum. Animal research was conducted according to guidelines 

provided by the National Institutes of Health and the Institute of Laboratory Animal 

Resources, National Research Council. The Mayo Clinic Institutional Animal Care and Use 

Committee approved all animal studies.

Immunohistochemistry

Limbs were collected from animals at the ages indicated in the figure legends, fixed in 

formalin for 48 hours, and decalcified in 15% EDTA for 7 days. Decalcified bones were 

embedded in paraffin and sectioned to a thickness of 5 μm. Immunohistochemistry was 

performed with antibodies [diluted in 1% bovine serum albumin (BSA) in tris-buffered 

saline (TBS)] directed to Hdac3 (Millipore, 06-890; 1:50 dilution), PECAM-1 (BD 

Pharmingen, 550274; 1:50), phosphorylated γH2A.X (Abcam, ab289; 1:100 dilution), IL-6 

(Abcam, ab6672; 1:50 dilution), or MMP13 (Abcam, ab39012; 1:50 dilution), or with a 

nonspecific IgG (control). Chromogens were detected with a polyvalent secondary HRP kit 

(Abcam, ab93697) and 3,3′-diaminobenzidine (DAB) (Sigma-Aldrich, D3939). Sections 

were counterstained with 0.5% Alcian blue.

Micro–computed tomography

Bone architecture and mineralization were evaluated by ex vivo micro-CT. The central 

portion of the femoral diaphysis and secondary spongiosa in the distal femoral metaphysis of 

each bone were scanned in 70% ethanol on a μCT 35 scanner (Scanco Medical AG). 

Trabecular bone scans were performed at 7-μm voxel size using an energy setting of 70 

kilovolt peaks (kVp) and an integration time of 300 ms. For distal femoral metaphysis scans, 

a region of interest (ROI) spanning from 17 to 21% (Col2a1ERT-Cre mice) or from 20 to 

25% of total bone length (Col2a1-Cre mice), as measured relative to the medial epiphysis, 

was analyzed in each mouse (threshold, 220). Trabecular bone volume fraction (%), 

trabecular number (mm−1), trabecular thickness (mm), and trabecular separation (mm) were 

computed using the manufacturer’s software.

Equilibrium partitioning of an ionic contrast agent–computed tomography

Growth plate cartilage thickness was examined in 4-week-old mice by EPIC-CT as 

previously described (79, 80). Briefly, femurs were carefully cleaned of soft tissues and 

submerged in 20% Hexabrix solution [in phosphate-buffered saline (PBS)] for 60 min at 

room temperature. The epiphysis of each femur was scanned in air on a μCT 35 scanner 

(Scanco Medical AG) at 7-μm voxels (scanner settings: energy, 45 kVp; intensity, 88 μA; 

integration time, 800 ms). Cartilage was selected for visualization by manual ROI 

segmentation (σ = 2.0; support, 4.0; threshold, 90 to 315).

TRAP staining

Tibiae from 4- and 8-week-old mice were fixed in formalin for 48 hours and decalcified in 

15% EDTA for 7 and 14 days, respectively. Decalcified bones were embedded in paraffin 

and sectioned to a thickness of 5 μm. Deparaffinized and rehydrated tissue sections were 

incubated in 10 mM tris-HCl (pH 7.8) for 30 min at 37°C, rinsed with water, and then 
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incubated in TRAP stain (Pararosaniline, Naphthol AS-TR phosphate) for 30 min at 37°C. 

Samples were counterstained with fast green.

X-gal staining

Femurs from 4-week-old Col2ERT/Rosa26 mice were fixed in 0.2% glutaraldehyde, 

cryoprotected in 30% sucrose [dissolved in PBS (pH 7.4)] at 4°C for 48 hours, frozen in 

embedding medium (Tissue-Tek O.C.T.), and sectioned to 8-μm thickness on a cryotome 

using CryoJane Tape Transfer System (Leica Biosystems). Sections were incubated in X-gal 

reaction buffer [5-bromo-4-chloro-3-indolyl-β-δ-galactopyranoside (1 mg/ml) in PBS (pH 

7.4), 5 mM potassium ferrocyanide, 2 mM magnesium chloride, and 0.1% Triton X-100] 

overnight at 37°C in the dark, rinsed in PBS, counterstained with eosin, dehydrated through 

ethanol grades and xylenes, and mounted with Permount medium on glass slides.

Image quantification

Images were digitally scanned or collected with phase-contrast microscopy. Densitometry 

for Western blots was calculated by measuring the mean gray values with ImageJ software. 

The percent area of the SOC was determined by measuring the area of the SOC relative to 

the total epiphyseal area in each image using ImageJ software. The growth plate depths were 

determined by taking 15 measurements in medial, interior, and lateral regions of the growth 

plate for each mouse using ImageJ software.

Isolation and culture of IMCs

IMCs were isolated and cultured as previously described (81). Briefly, the femoral heads and 

tibial plateaus were harvested from 1-week-old Hdac3fl/fl pups. Cartilage tissue pieces were 

digested in collagenase (3 mg/ml) for 1 hour and then overnight in collagenase (0.5 mg/ml). 

The resulting IMC suspensions were brought to a concentration of 2 × 107 cells/ml and 

plated in micromasses with 10-μl drops, each containing 2 × 105 cells in Dulbecco’s 

modified Eagle’s medium (DMEM). Three to four micromasses were plated together in 35-

mm plates. After 1 hour, micromasses were covered with 3 ml of DMEM and 5% fetal 

bovine serum (FBS). Micromasses were transduced with Ad-Cre (Vector Biolabs) or Ad-

GFP (Vector Biolabs) at 1000 multiplicity of infection (MOI) on day 3 of culture. For 

dnIKK2 experiments, IMC micromass cultures were transduced simultaneously with Ad-Cre 

or Ad-GFP (1000 MOI) and either Ad-GFP or Ad-dnIKK2 (Vector Biolabs) (60 MOI). For 

experiments without inhibitors, cells were collected 48 hours after transduction for RNA and 

protein extraction and matrix staining with Alcian blue. JAK Inhibitor I (1 μM; Millipore, 

420097), JQ-1 (1 μM; BPS Bioscience, 27402), IKK2 Inhibitor V (1 μM; Calbiochem, 

401481), or vehicle [0.01% (v/v) dimethyl sulfoxide (DMSO)] was added to IMC 

micromass cultures 48 hours after adenoviral transduction as indicated. RNA and protein 

extracts were collected 24 hours later.

Alcian blue staining

IMC micromasses were fixed with 10% neutral buffered formalin for 48 hours and stained 

with 0.5% Alcian blue, 3% acetic acid for 2 hours. Tibiae were fixed in 10% neutral buffered 
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formalin, decalcified in 15% EDTA for 7 days, paraffin-embedded, sectioned to a thickness 

of 5 μm, stained with Alcian blue for 1 min, and counterstained with eosin for 1 min.

Cytosolic and nuclear fractionation

IMC micromasses were washed and collected in PBS. Cells were homogenized by pipetting, 

collected in PBS by microcentrifugation, and incubated with 10 mM tris-HCl (pH 7.84), 140 

mM NaCl, 1.5 mM MgCl2, 0.5% NP-40, and 1× protease inhibitor mixture (Roche) for 5 

min on ice. The resulting lysate was cleared by centrifugation at 2000g for 5 min at 4°C. 

Supernatants (cytosolic extracts) were collected for SDS–polyacrylamide gel electrophoresis 

(SDS-PAGE) and immunoblotting. The remaining nuclear pellets were washed with PBS; 

suspended in 20 mM Hepes (pH 7.9), 1 M NaCl, 0.2 mM EDTA, 0.1 mM EGTA, 1.5 mM 

MgCl2, 1.2 mM phenyl-methylsulfonyl fluoride, and 20% glycerol; and incubated on ice for 

5 min. These nuclear lysates were cleared by centrifugation at 2000g for 5 min at 4°C. The 

resulting supernatant was collected as the nuclear fraction for SDS-PAGE and Western 

blotting.

Immunofluorescence

IMCs were plated in monolayer on coverslips in a 24-well plate. On day 3 of culture, cells 

were transduced with Ad-GFP or Ad-Cre. After the 48-hour transduction, cells were rinsed 

with 1× PBS and fixed in 4% paraformaldehyde in 1× PBS for 15 min at room temperature. 

Coverslips were rinsed three times in 1× PBS for 5 min each and then blocked in blocking 

buffer (1× PBS, 5% normal serum, and 0.3% Triton X-100) for 1 hour at room temperature. 

Coverslips were then incubated with primary antibodies (diluted 1:300 in 1× PBS, 1% BSA, 

0.3% Triton X-100) directed toward NF-κB/p65 (Cell Signaling, 8242P) and Cre 

recombinase (Millipore, MAB3120) overnight at 4°C in a humidified chamber. Cells were 

rinsed in 1× PBS and incubated with corresponding fluorochrome-conjugated secondary 

antibodies (Invitrogen; Alexa Fluor 488, A31619; Alexa Fluor 555, A31629) (diluted 1:1000 

in 1× PBS, 1% BSA, 0.3% Triton X-100) for 1 hour at room temperature in the dark. 

Coverslips were rinsed in 1× PBS before mounting onto glass slides with Vectashield 

Mounting Medium with DAPI (Vector Laboratories, H-1200).

ATDC5 cell culture and HDAC inhibitor treatments

ATDC5 cells were plated in 10 μl drops, with each micromass containing 2 × 105 cells in 

DMEM and 5% FBS. Three to four micromasses were plated together in wells of a six-well 

plate. After 1 hour, micromasses were covered with 3 ml of DMEM, 5% FBS, and 1× ITS 

(insulin-selenium-transferrin). On day 3 of culture, ATDC5 micromasses were treated with 

10 μM RGFP966 or vehicle (0.03% DMSO). RNA and protein extracts were collected 24 

hours later.

Western blotting

IMC or ATDC5 cultures were lysed in SDS sample buffer [0.1% glycerol, 0.01% SDS, 0.1 

M tris (pH 6.8)] for 10 min on ice. Total protein concentrations were determined with the 

Bio-Rad DC Protein Assay. Proteins (20 μg) were separated by SDS-PAGE and transferred 

to polyvinylidene difluoride membranes. Membranes were blotted using antibodies for 
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Hdac3 (Abcam, ab7030), acetylated H3K9K14 (H3K9K14ac; Millipore, 06-599), H3K56ac 

(Abcam, ab76307), H3 (Millipore, 05-928), H4ac (Millipore, 06-866), H4 (Millipore, 

04-858), phosphorylated (p-Tyr705) and total Stat3 (Cell Signaling Technology, 9145S and 

12640S, respectively), β-actin (Sigma-Aldrich, A5316), acetylated (K310ac) and total NF-

κB/p65 (Abcam, ab52175; Cell Signaling Technology, 8242P), MEK1/2 (Cell Signaling 

Technology, 9126S), IKKβ (Cell Signaling Technology, 2370P), and corresponding 

secondary antibodies (Santa Cruz Biotechnology). Chemiluminescent detection was 

performed with SuperSignal West Femto Maximum Sensitivity Substrate reagent (Pierce).

RNA isolation and qPCR

Total RNA was isolated from IMC micromass cultures and xiphoid processes of 8-week-old 

mice with TRIzol reagent (Invitrogen) and phenol/ chloroform. RNA (3 μg) was reverse-

transcribed to complementary DNA (cDNA) with the SuperScript III First-Strand Synthesis 

cDNA kit (Invitrogen) for real-time semiquantitative PCR (qPCR) with gene-specific 

primers (table S1). Transcript levels were normalized to the reference gene Gapdh. 

Transcript abundance and relative fold changes in gene expression were quantified using the 

2−ΔΔCt method relative to control.

High-throughput RNA-seq and bioinformatics analysis

High-throughput RNA-seq and bioinformatics analyses were performed on RNA from Ad-

GFP– or Ad-Cre–transduced IMC micromasses as previously reported, following the MAP-

RSeq pipeline (82, 83). Briefly, after read alignment, paired-end reads are aligned by TopHat 

2.0.6 (84) against the mm10 genome using the bowtie1 aligner option (85). Gene expression 

is expressed in reads per kilobase per million mapped reads (RPKM). Complete RNA-seq 

data sets are available at the Gene Expression Omnibus (GSE75549). RPKM values for gene 

lists were filtered for anything ≥0.1 and a fold change ≥2, excluding microRNAs and small 

nuclear RNAs. The resulting gene lists (850 genes that had decreased gene expression with 

Hdac3 deficiency and 1062 genes that had increased gene expression with Hdac3 depletion) 

were analyzed with DAVID (Database for Annotation, Visualization, and Integrated 

Discovery) v6.7 for functional annotation clustering of genes. To identify common 

transcription factor–binding motifs, GSEA was performed with the C3 module (motif gene 

sets) from the Molecular Signatures Database (MSigDB_v5.0; http://

software.broadinstitute.org/gsea/msigdb/collections.jsp#C3) (50).

Chromatin immunoprecipitation sequencing

Micromasses transduced with Ad-GFP or Ad-Cre were cross-linked with 1% formaldehyde 

(Pierce, catalog no. 28906) for 10 min and then incubated with 125 mM glycine for 5 min at 

room temperature to quench the fixation. Cells were washed twice with TBS, suspended in 

cell lysis buffer [10 mM tris-HCl (pH 7.5), 10 mM NaCl, 0.5% NP-40], and incubated on ice 

for 10 min. The lysates were washed with micrococcal nuclease (MNase) digestion buffer 

[20 mM tris-HCl (pH 7.5), 15 mM NaCl, 60 mM KCl, 1 mM CaCl2] and incubated for 20 

min at 37°C with continuous mixing in a thermal mixer (Fisher Scientific) in the presence of 

MNase (New England Biolabs, catalog no. M0247). After adding the same volume of 

sonication buffer [100 mM tris-HCl (pH 8.1), 20 mM EDTA, 200 mM NaCl, 2% Triton 

X-100, 0.2% sodium deoxycholate], lysates were sonicated for 15 min (30 s on/30 s off) in 
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Bioruptor Twin (UCD-400) (Diagenode Inc.) and centrifuged at 12,000g for 10 min. The 

cleared supernatant from 4 × 106 cells was incubated with 2 μg of anti-H3K27ac (Abcam, 

ab4729) on a rocker overnight. Prewashed protein G agarose beads (30 μl) were added to the 

reactions for 4 hours. The beads were extensively washed with ChIP buffer [50 mM tris-HCl 

(pH 8.1), 10 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate], 

high salt buffer [50 mM tris-HCl (pH 8.1), 10 mM EDTA, 500 mM NaCl, 1% Triton X-100, 

0.1% sodium deoxycholate], LiCl2 buffer [10 mM tris-HCl (pH 8.0), 0.25 M LiCl2, 0.5% 

NP-40, 0.5% sodium deoxycholate, 1 mM EDTA], and tris-EDTA buffer. Bound chromatin 

was eluted and reverse cross-linked at 65°C overnight. DNA was purified using MinElute 

PCR purification kit (Qiagen) after the treatment of ribonuclease A and proteinase K. ChIP 

enrichment was validated by performing qPCR in the genomic loci targeting the 

transcription start sites of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and T1 

genes. Primers used for ChIP qPCR were as follows: mGAPDH-TSS-F (5′-

CTCATCCCCGCAAAGGCGGA-3′), mGAPDH-TSS-R (5′-TCGGAC-

CTGGCGATGGCTCG-3′), mT1-TSS-F (5′-GAGACGCCGATCCG-CCGAAG-3′), and 

mT1-TSS-R (5′-ACTCTCCACTCCCACGCGCT-3′). ChIP-seq libraries were prepared 

from 10 ng of ChIP and input DNA using the Ovation Ultralow DR Multiplex Kit (NuGEN). 

The ChIP-seq libraries were sequenced to 51 base pairs (bp) from both ends on the Illumina 

HiSeq 2000 in the Medical Genomics Facility within the Mayo Clinic Center for 

Individualized Medicine. H3K27ac data sets are available at the Gene Expression Omnibus 

(GSE75547). Data were analyzed using the HiChIP pipeline (86). Briefly, paired-end reads 

were mapped by Burrows-Wheeler Aligner (87), and pairs with one or both ends uniquely 

mapped were retained. Binding sites (13,131) were identified for H3K27ac in the Ad-Cre–

treated micromasses, and 12,874 binding sites were identified for H3K27ac in the Ad-GFP–

treated micromasses using the MACS2 software at a false discovery rate of ≤1% (88). For 

data visualization, BEDTools (89) was used in combination with scripts to generate 

normalized tag density profile at a window size of 200 bp and step size of 20 bp. For RNA-

seq and ChIP-seq integration, the raw gene count file from MAP-RSeq was used to identify 

differentially expressed genes by DESeq2 (90). During this analysis, the RNA-seq gene list 

was filtered to remove genes with read counts lower than 30 in either of these samples. The 

differential gene list was divided into up-regulated and down-regulated genes by using a fold 

change of 2. ngs.plot was used to obtain binding profiles for H3K27ac in Ad-Cre and Ad-

GFP micromasses across all the genes (91). The average binding profiles for 94 up-regulated 

and 9 down-regulated genes were also obtained for these samples.

IL-6 ELISA

Sera were collected from peripheral blood of 2-week-old Hdac3-CKOCol2ERT mice or 

Hdac3fl/fl mice that had been injected with tamoxifen or vehicle using serum separator tubes. 

Samples were incubated at room temperature for 30 min to allow for clotting and then 

centrifuged for 10 min at 2000g. CM were collected from Ad-GFP or Ad-Cre IMC 

micromass cultures 48 hours after viral transduction and centrifuged briefly to remove debris 

before analysis. IL-6 was quantified from samples using a mouse IL-6 ELISA kit (EMD 

Millipore, EZMIL6). Each sample was run in duplicate (n = 16 Hdac3-CKOCol2ERT mice 

per treatment group, 13 vehicle-injected Hdac3fl/fl mice, and 10 tamoxifen-injected 

Hdac3fl/fl mice).
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MMP activity assay

CM from Ad-GFP or Ad-Cre IMC micromass cultures were collected 48 hours after viral 

transduction and centrifuged briefly to remove debris before analysis. MMP activity was 

measured in CM with the SensoLyte 520 Generic MMP Assay Kit, following the 

manufacturer’s instructions. Briefly, CM samples were incubated with 1 mM p-

aminophenylmercuric acetate for 40 min at 37°C to activate the pro-MMP enzymes within 

the samples. Generic MMP substrate was added to each sample and the fluorescence 

reference standards. Samples were mixed gently for 30 s before incubation at room 

temperature for 60 min. Stop solution was added to all samples, and the fluorescence 

reference standard before the fluorescence intensity was measured using a Tecan Infinite 

F200 Pro plate reader with excitation and emission wavelengths of 490 nm/520 nm. The 

fluorescence reference standard, which serves as an indicator of the amount of MMP 

enzymatic reaction final product, was used to determine the amount of MMP substrate 

cleaved in the CM, relative to their respective fluorescence intensity readings. Each sample 

was run in duplicate.

Osteoclast assays

Bone marrow monocytes were isolated as previously described (92). Briefly, long bones 

were dissected free of soft tissues, and the epiphyses were removed from both ends of the 

femurs and tibiae. Marrow was flushed with PBS and treated with 1× Red Blood Cell Lysis 

Buffer (eBioscience Inc.). Resulting cell cultures were plated overnight in α-MEM 

(minimum essential medium) supplemented with 10% FBS (HyClone Laboratories) and 

15% (v/v) CM from IMC micromass cultures treated with either Ad-GFP or Ad-Cre, CM 

from HDAC3-deficient micromass cultures treated with 1 μM JAK Inhibitor I (Millipore, 

420097), or CM from HDAC3-deficient micromass cultures incubated with a neutralizing 

αIL-6 antibody (0.75 μg/ml; R&D Systems, MAB406) or an IgG control for 30 min with 

agitation at room temperature. After 24 hours, nonadherent cells were collected and plated in 

24-well plates or on coverslips in a 24-well plate at a density of 4 × 105 cells per well with 

α-MEM supplemented with 10% FBS, receptor activator of NF-κB ligand (100 ng/ml) 

(R&D Systems), and macrophage colony-stimulating factor (25 ng/ml) (differentiation 

medium) for 3 days. To evaluate mature osteoclasts, fresh differentiation medium was added 

and the cells were cultured for an additional 24 hours. RNA was harvested 3 to 4 days later. 

Coverslips were collected on days 3 and 4, and TRAP staining was performed with the Acid 

Phosphatase, Leukocyte (TRAP) Kit (Sigma-Aldrich, 387A-1KT) per the manufacturer’s 

instructions.

In vivo JAK inhibitor treatments

JAK signaling was inhibited in 6-week-old Hdac3-CKOCol2ERT mice as previously 

described (64). Briefly, ruxolitinib (INCB018424, ChemieTek no. 3) was dissolved in 

DMSO to 30 mg/ml and then mixed into high-fat chow (60% fat, 20% protein, and 20% 

carbohydrate; Research Diets, D12492). Each mouse was given a 125-mg pellet of food 

containing ruxolitinib (30 mg/kg body weight) or vehicle daily for 2 weeks and was 

observed until they had eaten the entire pellet. After each treatment, mice were returned to 
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original housing and had ad libitum access to normal chow (12% fat, 24% protein, and 64% 

carbohydrate) and water.

Statistical analysis

Data shown are means ± SEM from the number of samples or experiments indicated in the 

figure legends. All assays were repeated at least three times with independent samples. P 
values were determined with Student’s t tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hdac3 ablation in chondrocytes during postnatal growth delays skeletal development
(A) Immunohistochemistry for HDAC3 on tibial growth plates of 4-week-old 

Hdac3-CKOCol2ERT mice that had been injected with tamoxifen or vehicle at P5. Scale bars, 200 

μm. (B) qPCR for Hdac3 in the xiphoid processes of 8-week-old mice described in (A) (n = 

3 mice per group). (C) Weights of male mice at indicated ages (n = 5 mice per group). (D) 

Femur lengths of 8-week-old male animals described in (A) were measured in micro-CT 

(computed tomography) scans (n = 5 mice per group). (E) Alcian blue/eosin-stained tibial 

sections isolated at the indicated ages from mice described in (A). Scale bars, 100 μm. (F) 

Quantification of SOC area to total tissue area of epiphyses from 2-week-old 

Hdac3-CKOCol2ERT or C57BL/6 mice injected at P5 with tamoxifen or vehicle (n = 5 mice per 

group). N.S., not significant. (G) Quantification of total growth plate (GP) depth across the 

indicated regions in 4-week-old animals described in (A) (n = 5 mice per group). (H) 

Equilibrium partitioning of an ionic contrast agent (EPIC)–CT scans of femoral condyles 

from 4-week-old mice described in (A) (top). The yellow arrow points to residual cartilage 

along the growth plate in the Hdac3-CKOCol2ERT mice. Three-dimensional reconstructions 

of the femoral condyles show the growth plate (solid gray) within the bone architecture 

(semitransparent blue). A, anterior; D, dorsal; L, lateral; M, medial; P, posterior; V, ventral 

axes. (I) Immunohistochemistry for phosphorylated γH2A.X on tibiae of 2- and 4-week-old 

mice described in (A). Scale bars, 100 μm. (J) Immunohistochemistry for PECAM-1 on 
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tibiae of P9 pups described in (A). Scale bars, 100 μm. *P = 0.05, #P = 0.075, Student’s t 
test.
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Fig. 2. Hdac3 deletion alters global gene expression and histone acetylation in chondrocytes
(A) Western blotting for the indicated proteins performed 48 hours after adenoviral 

transduction in primary IMCs isolated from 1-week-old Hdac3fl/fl;Cre− pups, plated in 

micromass cultures, and transduced with Ad-GFP or Ad-Cre on day 3 of culture. (B) 

Micromasses described in (A) were fixed 48 hours after adenoviral transduction and stained 

with Alcian blue. (C and D) qPCR to validate RNA-seq results from Hdac3-depleted IMCs 

described in (A). Differential expression of representative genes with decreased (C) or 

increased (D) expression in HDAC3-deficient micromasses (Ad-Cre) is shown relative to 

control (Ad-GFP) IMCs, which was set to 1 (n = 3). (E to I) ChIP-seq was performed for 

H3K27ac in HDAC3-deficient micromasses described in (A). Average binding profiles of 

H3K27ac 5 kb upstream or downstream of the transcriptional start site (TSS) in control 

(blue) or HDAC3-deficient (green) micromasses: all genes (E), genes with increased 

expression after Hdac3 depletion (F), and genes with decreased expression after Hdac3 
depletion (H). Representative distribution of H3K27ac in select genes with corresponding 

increased (G) or decreased (I) expression. *P = 0.05, Student’s t test.
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Fig. 3. HDAC3 deficiency in chondrocytes increases proinflammatory response signals through 
increased IL-6–STAT3 signaling and is rescued with JAK inhibition
(A, B, G, and J to O) Primary IMCs were harvested from 1-week-old Hdac3fl/fl pups, plated 

in micromasses, and transduced with Ad-GFP or Ad-Cre on day 3. (A and B) Conditioned 

media (CM) from micromasses were analyzed with an ELISA to measure mouse IL-6 (A) or 

a fluorometric MMP enzymatic assay (B) (n = 3). (C to F) ATDC5 cells in monolayer (C 

and E) or micromass (D and F) were treated with the broad HDAC inhibitor SAHA (1 μM) 

or the HDAC3-specific inhibitor RGFP966 (10 μM) for 24 hours. qPCR for expression of 

Il-6 (C and D) and Mmp13 (E and F) (n = 3). (G to I) Western blotting for the indicated 

proteins in HDAC3-deficient chondrocytes in micromass (G), ATDC5 cells in micromass 

and treated with RGFP966 (H), or wild-type (WT) IMCs treated with RGFP966 (I) (10 μM) 

for 24 hours. (J to N) HDAC3-deficient chondrocytes in micromasses were treated with JAK 

Inhibitor I (1 μM) for 24 hours, at which point Western blotting (J) for the indicated proteins 

and qPCR (K to N) for the indicated mRNA transcripts were performed (n = 3). *P 
=0.05, #P = 0.06, Student’s t test.
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Fig. 4. HDAC3 depletion in chondrocytes increases NF-κB acetylation
(A to D) Primary IMCs were harvested from 1-week-old Hdac3fl/fl pups, plated in 

micromass, and treated with Ad-GFP or Ad-Cre on day 3 of culture. (A) Western blotting 

was performed after 48 hours. (B) Western blotting for the indicated proteins in cytosolic 

and nuclear fractions collected from micromasses. (C) Quantification of the percentage of 

nuclear NF-κB relative to the total amount of NF-κB present from n = 3 experiments. (D) 

Primary immature mouse chondrocytes from 1-week-old Hdac3fl/fl mice were plated in 

monolayer and transduced with Ad-GFP or Ad-Cre. Immunofluorescence for total NF-

κB/p65 and Cre recombinase was performed 48 hours after viral transduction. The yellow 

arrows indicate cells expressing Cre, and white arrowheads indicate control cells (not 

expressing Cre). Scale bars, 20 μm. (E to J) Micromass cultures were simultaneously 

transduced with Ad-GFP or Ad-Cre and either Ad-GFP or Ad-dnIKK2. (E) Western blotting 

for the indicated proteins was performed on the cellular fractions 48 hours after 
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transduction. (F) Quantification of nuclear NF-κB relative to the total amount of NF-κB 

present (n = 3). (G to J) qPCR for the indicated mRNAs in HDAC3-deficient IMCs 

transduced with Ad-dnIKK2: Il-6 (G), Mmp13 (H), Saa3 (I), and Col2a1 (J) (n = 3). (K to 

N) HDAC3-deficient micromasses were treated with JQ-1 (10 μM) for 24 hours, and qPCR 

was performed for the indicated transcripts: Il-6 (K), Mmp13 (L), Saa3 (M), and Col2a1 (N) 

(n = 3). *P = 0.05, Student’s t test.
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Fig. 5. Chondrocytic HDAC3 deficiency increases osteoclastogenesis in vitro
(A to G) Osteoclast precursors were collected from 8-week-old WT mice and incubated 

overnight with 15% CM from HDAC3-deficient or control chondrocytes. Nonadherent cells 

were plated in normal osteoclast differentiation medium. (A) Day 4 TRAP-stained mature 

osteoclasts. Scale bars, 100 μm. (B) Quantification of TRAP+ mature osteoclasts (n = 3). No. 

Ocl, total number of osteoclasts. (C) RNA was isolated from mature osteoclast cultures, and 

qPCR was performed for the indicated genes. Relative fold changes were normalized to 

osteoclast cultures treated with CM from Ad-GFP–treated chondrocytes, indicated by the 

dotted line set to 1 (n = 3). (D and E) CM were collected from HDAC3-deficient 

chondrocytes treated with 1 μM JAK inhibitor for 24 hours. WT osteoclast precursors were 

preincubated with the CM from JAK inhibitor–treated HDAC3-deficient chondrocytes. (D) 

Day 4 TRAP-stained mature osteoclasts. Scale bars, 100 μm. (E) Quantification of TRAP+ 

osteoclasts (n = 3). (F and G) CM from HDAC3-deficient chondrocytes was pretreated with 

a neutralizing antibody recognizing IL-6 or an immunoglobulin G (IgG) control antibody 

(Ab). WT osteoclast precursors were collected and primed with the neutralized CM. (F) Day 

4 TRAP-stained mature osteoclasts. (G) Quantification of TRAP+ osteoclasts (n = 3). *P = 

0.05, #P = 0.08, Student’s t test. Black arrowheads indicate multinucleated osteoclasts.
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Fig. 6. HDAC3-deficient chondrocytes increase inflammatory responses and osteoclast 
proliferation in vivo
(A) ELISAs for IL-6 on sera collected from 2-week-old Hdac3f/.fl;Cre− or Col2ERT-Cre+ 

mice. (B) Immunohistochemistry for IL-6 on sections from 4-week-old tibiae. Scale bars, 

100 μm. (C) Immunohistochemistry for MMP13 on tibia sections from P9 Hdac3-

CKOCol2ERT or control mice. (D) Tibiae from 4-week-old Hdac3-CKOCol2ERT and control 

animals were stained for TRAP. Shown are representative images of the primary spongiosa. 

Scale bars, 200 μm. (E to G) Histomorphometric quantification of osteoclast parameters 

from 4-week-old Hdac3-CKOCol2ERT mice: (E) total number of osteoclasts (N. Oc), (F) 
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number of osteoclast per bone perimeter (N. Oc/B. Pm), and (G) osteoclast surface per bone 

surface (Oc. S/BS) (n = 3 for control animals and n = 4 for CKO animals). (H to L) Micro-

CT analysis of bone architecture from 8-week-old Hdac3-CKOCol2 mice. (H) Micro-CT 

reconstructions of the cancellous bone. (I to L) Quantification of micro-CT data on 

trabecular bone volume fraction (Tb. BV/TV) (I), trabecular number (Tb. N) (J), trabecular 

thickness (Tb. Th) (K), and trabecular separation (Tb. Sp) (L) (n = 5 mice for each group). 

(M) Tibiae from 6-week-old Hdac3-CKOCol2ERT mice were treated with ruxolitinib for 2 

weeks and were TRAP-stained. Shown are representative images of the primary spongiosa. 

Scale bars, 200 μm (n = 3 vehicle/vehicle and tamoxifen/vehicle mice, 5 vehicle/ruxolitinib 

mice, and 4 tamoxifen/ ruxolitinib mice). In (A) to (M), *P = 0.05 and #P = 0.14, Student’s t 
test. (N) Working model. HDAC3 suppresses production of cytokines and catabolic matrix 

enzymes in chondrocytes during bone development.
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