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Abstract

Hypertrophy of chondrocytes is a crucial step in the endochondral bone formation process that 

drives bone lengthening and the transition to endochondral bone formation. Both Parathyroid 

hormone-related protein (PTHrP) and Histone deacetylase 4 (HDAC4) inhibit chondrocyte 

hypertrophy. Use of multiple mouse genetics models reveals how PTHrP and HDAC4 participate 

in a pathway that regulates chondrocyte hypertrophy. PTHrP/cAMP/Protein Kinase A (PKA) 

signaling pathway phosphorylates the PKA-target sites on salt-inducible kinase 3 (Sik3), which 

leads to inhibition of Sik3 kinase activity. Inhibition of Sik3 kinase activity decreases 

phosphorylation of HDAC4 by Sik3 at binding sites for 14-3-3; lower levels of HDAC4 

phosphorylation then allow HDAC4 nuclear translocation. In the nucleus, the transcription factor, 

Myocyte Enhancer Factor 2 (Mef2), activates Runt-related transcription factor 2 (Runx2), and 

together these two transcription factors drive the hypertrophic process. HDAC4 binds both Mef2 

and Runx2 and blocks their activities. There are genetic redundancies in this pathway. Sik1 and 

Sik2 also mediate PTHrP/cAMP/PKA signaling when Sik3 activity is low. HDAC5 also mediates 

PTHrP signaling when HDAC4 expression is low. Thus, PTHrP triggers a kinase cascade that 

leads to inhibition of the key transcription factors (Mef2 and Runx2) that promote chondrocyte 

hypertrophy.
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Introduction

Most of the vertebrate skeleton is generated by endochondral bone formation, in which 

growth plate chondrocytes direct subsequent bone formation [1]. The fetal growth plate has 

three morphologically distinct groups of chondrocytes: round chondrocytes, flat 

chondrocytes, and hypertrophic chondrocytes. Round chondrocytes proliferate and 

differentiate into flat chondrocytes. Flat chondrocytes proliferate further and form orderly 

columns of chondrocytes. Then, flat chondrocytes stop proliferating and enlarge many-fold 

to become hypertrophic chondrocytes [1]. The fetal growth plate is surrounded by 

perichondrium in which immature osteoblast precursors respond to signals from 

prehypertrophic and hypertrophic chondrocytes to become osteoblasts, while also signaling 

back to the growth plate [1].

During endochondral bone formation, chondrocyte hypertrophy is a crucial turning point in 

which the differentiation program is switched from chondrocyte differentiation to bone 

formation. Hypertrophic chondrocytes provide crucial signals for vascular invasion and 

osteoblast differentiation. Chondrocyte hypertrophy is also an important component of bone 

lengthening. In this review, we discuss the molecular mechanisms of chondrocyte 

hypertrophy revealed by mouse genetic studies [2, 3].

Parathyroid hormone-related protein (PTHrP)

In 1941, Fuller Albright first recognized humoral hypercalcemia of malignancy (HHM) in a 

renal cancer patient [4]. He suspected that the tumor might be producing parathyroid 

hormone (PTH), but PTH bioactivity was not found in the tumor [4] by a PTH bioassay [5]. 

Even after PTH radioimmunoassay was established in 1963 [6], PTH immunoactivity was 

not detected in tumor or plasma of patients with HHM [7]. Finally, in 1987, the isolation of 

full-length complementary DNA (cDNA) clones of a putative hypercalcemia factor from a 

human lung cancer cell line revealed a previously unrecognized protein, PTH-related protein 

(PTHrP) [8]. PTHrP shares homology with PTH only within the first 13 amino acids [8], but 

PTHrP and PTH share a common receptor [9], explaining hypercalcemia by PTHrP excess. 

These findings raised the question of the normal functions of PTHrP.

Physiological role of PTHrP in the growth plate

Knockout of the gene encoding PTHrP allowed exploration of the physiological roles of 

PTHrP. PTHrP-knockout (KO) mice die immediately after birth from respiratory failure 

caused by chondrocyte hypertrophy and bone formation on the anterior rib cartilage, where 

normally PTHrP represses chondrocyte hypertrophy in wildtype (WT) mice [10]. PTH/

PTHrP receptor-KO mice die around embryonic day 18.5 (E18.5), showing the similar 

phenotype to that of PTHrP-KO mice [11]. In contrast, chondrocyte-specific PTHrP-

transgenic (Tg) mice that overexpress human PTHrP protein using a mouse Type 2 collagen 

promoter exhibit severely delayed chondrocyte hypertrophy [12]. Thus, PTHrP, synthesized 

by and secreted from round chondrocytes, suppresses chondrocyte hypertrophy in the 

growth plate.
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Histone deacetylases (HDACs)

Unexpected lethal phenotype in chondrocytes in Histone deacetylase 4 (HDAC4)-KO mice 

revealed a new mediator in the skeletal biology [13]. In mammalian genomes, eleven HDAC 

proteins have been identified. These proteins are classified into four families (Class I, IIa, 

IIb, IV) [14]. In 1996, HDAC1 was isolated as a Trapoxin (HDAC inhibitor [15]) binding 

protein from bovine thymus extracts [16] and HDAC2 was identified as a YY1 (mammalian 

zinc-finger transcription factor) binding protein by a yeast two-hybrid screen [17]. Within 

the next six years, HDAC3 to HDAC11 were identified by homology search with HDAC1 or 

existing HDAC proteins using the GenBank sequence database. Mammalian genomes 

encode another group of deacetylases, Sirtuin 1 to 7 which are referred as class III HDACs 

[14].

Class I HDAC proteins (HDAC 1, 2, 3, and 8) are ubiquitously expressed nuclear enzymes 

that potently deacetylate lysine residues on histone tails. Histone deacetylation leads to 

chromatin compaction and subsequent transcriptional repression [14]. In contrast, class IIa 

HDAC proteins are expressed in only specific tissues (HDAC5 and 9 in muscles, heart, and 

brain, HDAC4 in brain and growth plates, HDAC7 in endothelial cells and thymocytes) and 

exhibit only minimum histone deacetylase activity due to conserved changes in catalytic 

domain sequence[14].

In addition to their conserved deacetylase domain, class IIa HDAC proteins (HDAC 4, 5, 7 

and 9) have characteristic N-terminal extensions [14], which contain binding sites for 14-3-3 

chaperone proteins [18] and for the transcription factor, Myocyte enhancer factor 2 (Mef2) 

[19]. When bound by 14-3-3 proteins in the cytoplasm, class IIa HDAC proteins do not 

block the nuclear transcriptional activity of Mef2. In contrast, when released by cytoplasmic 

14-3-3 chaperones, class IIa HDAC proteins can translocate into the nucleus and negatively 

regulate Mef2 activity [18].

KO mice for HDAC proteins

Between 2002 and 2009, all KO mice for Class I and Class IIa HDAC proteins were 

generated which defined the functions of HDACs in vivo [14, 20] . The ubiquitous 

expression, high deacetylase activity, and high homology among Class I HDAC proteins 

suggested functional redundancy in vivo. However, each Class I HDAC KO mouse leads to 

embryonic or perinatal lethality, demonstrating the unique roles of each Class I HDAC 

protein [14].

As expected from the crucial actions of Mef2 in skeletal and cardiac muscles, KO mice for 

class IIa HDAC proteins exhibited cardiovascular phenotypes in HDAC5-KO mice (normal 

life span) [21], HDAC7-KO mice (embryonic lethality before E11.5) [22], and HDAC9-KO 

mice (normal life span) [23]. However, HDAC4-KO mouse unexpectedly exhibited a lethal 

phenotype characterized by abnormally accelerated chondrocyte hypertrophy and bone 

formation in the anterior rib cartilage (lethality around postnatal day 12 (P12) )[13].
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PTHrP regulation of the HDAC4/Mef2 interaction in vitro

A subsequent mouse genetic study revealed that Mef2 also drives chondrocyte hypertrophy 

[24]. This result demonstrated that the accelerated chondrocyte hypertrophy in HDAC4-KO 

mice is induced by increased Mef2 action. Then, an in vitro study using cultured chick 

primary chondrocytes demonstrated that PTHrP treatment leads to lower HDAC4 

phosphorylation at the first 14-3-3 binding site and induces subsequent nuclear translocation 

of HDAC4, proposing that PTHrP signaling pathway regulates the HDAC4/Mef2 interaction 

[25]. In humans, the haploinsufficiency of PTHrP [26] or of HDAC4 [27] causes the skeletal 

dysplasia, brachydactyly type E, suggesting a functional linkage between PTHrP and 

HDAC4.

Genetic evidences in vivo that HDAC4 mediates PTHrP signaling

Using multiple mouse genetics models, we demonstrated in vivo that HDAC4 is a mediator 

of the PTHrP signaling pathway during chondrocyte differentiation [2]. Here, we summarize 

the main results of our mouse genetic studies.

(1) PTHrP-KO mouse vs. HDAC4-KO mouse

PTHrP-KO mice die immediately after birth due to abnormal chondrocyte hypertrophy and 

bone formation on the anterior rib cartilage[10]. In contrast, HDAC4-KO mice have normal 

rib cartilage at birth. However, progressive rib chondrocyte hypertrophy starts at P2 and 

HDAC4-KO mice die around P12[2, 13]. In PTHrP-KO mice, the distance from the top of 

the growth plate to the beginning of the hypertrophic layer is extremely short due to the 

accelerated chondrocyte hypertrophy35 % of the WT controls)[2]. HDAC4-KO mice show 

similar but milder phenotype64 % of the WT controls [2].

The similar phenotype between PTHrP-KO mouse and HDAC4-KO mouse supports the 

hypothesis that HDAC4 mediates PTHrP signaling. However, the milder phenotype of 

HDAC4-KO mouse also suggests the possible existence of other mediators of PTHrP 

signaling in HDAC4-KO mouse.

(2) HDAC4-KO mouse vs. Chondrocyte-specific HDAC4 cKO mouse

To exclude the possibility that systemic effects caused by HDAC4 deletion in other organs 

contribute to the chondrocyte phenotype in universal HDAC4-KO mice, we generated 

HDAC4 conditional KO (cKO) mice using HDAC4-floxed mice [28] with either Type 2 

collagen (Col2)-Cre driver that is active in chondrocytes and perichondrial cells [29] or 

Osterix (Osx)-Cre driver that is active in hypertrophic chondrocytes, perichondrium, and 

osteoblasts [30]. Col2-Cre: HDAC4-cKO mice show similar phenotype with universal 

HDAC4-KO mice, but Osx-Cre: HDAC4-cKO mice show normal phenotype [2].

This result demonstrates that the chondrocyte phenotype in universal HDAC4-KO mouse 

depends only on HDAC4 deletion in proliferating chondrocytes (round chondrocytes and flat 

chondrocytes).
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(3) PTHrP and HDAC4 double heterozygous (HET) mouse

Both PTHrP-HET and HDAC4-HET mice have normal growth plates. If PTHrP and HDAC4 

work independently, then the double HET mouse should also have a normal growth plate. 

However, the double HET mouse shows a significantly shorter proliferating region (85 % of 

the WT controls in the proximal tibial growth plate at birth) [2], which could result from 

lower PTHrP action in the growth plate.

The phenotype of the double HET mouse is mild, but nevertheless similar to that of the 

individual KO mouse. This experiment indicates that PTHrP and HDAC4 repress 

chondrocyte hypertrophy though a common pathway.

(4) HDAC4 deletion in the PTHrP-Tg mouse

As a more stringent genetic test of whether HDAC4 is a mediator of PTHrP signaling, we 

deleted the HDAC4 gene in PTHrP-Tg mouse. If HDAC4 mediates PTHrP signaling, the 

HDAC4 deletion should modify the PTHrP transgenic phenotype. Heterozygous PTHrP-Tg 

(PTHrP-Tg/+) mice have only round chondrocytes in all the long bones up to one week after 

birth, and subsequent bone formation is also severely delayed [12]. Even the heterozygous 

deletion of HDAC4 gene partially blocks the PTHrP transgenic phenotype at birth. 

Strikingly, the homozygous deletion of HDAC4 gene almost completely reversed the PTHrP 

transgenic phenotype [2].

Molecular evidences in vivo that HDAC4 mediates PTHrP signaling

To support in vivo genetic evidences that PTHrP is only working when HDAC4 is present, 

we investigated the molecular evidences in vivo that HDAC4 mediates PTHrP signaling.

(1) HDAC4 Phosphorylation in vivo

We manually micro-dissected proliferating chondrocytes from the proximal tibial growth 

plates at birth, and then we compared the phosphorylation of three 14-3-3 binding sites of 

HDAC4 among PTHrP-Tg/+ mouse, PTHrP-KO mouse, and WT controls by Western blots 

using antibodies that detect the site-specific phosphorylation. Either PTHrP overexpression 

or PTHrP deletion leads to reduced or increased levels of HDAC4 phosphorylation at three 

14-3-3 binding sites compared to WT controls, respectively. We found the most significant 

changes at the first 14-3-3 binding site, but the changes at the other two sites are also 

significant [2].

(2) HDAC4 nuclear translocation in vivo

When intracellular signals decrease the level of phosphorylation at the 14-3-3 binding sites, 

class IIa HDAC proteins are released from 14-3-3 proteins and then move into the nucleus 

[18]. To demonstrate HDAC4 nuclear translocation induced by PTHrP signaling in vivo, we 

compared the intracellular HDAC4 localization between PTHrP-Tg/+ mouse and PTHrP-KO 

mouse by immunohistochemistry (IHC), focusing on round chondrocytes in the proximal 

tibial growth plate at birth. Using confocal microscopy, we observed intense nuclear HDAC4 

signals in PTHrP-Tg/+ mouse. In contrast, HDAC4 signals appear lower in nuclei, but 

higher in the cytoplasm in PTHrP-KO mouse [2].
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We calculated HDAC4 signal intensities in the nuclei and those in the whole cells by three-

color confocal images (for HDAC4 IHC, nuclear stain, and whole cell stain). The average 

ratio of total HDAC4 signal intensities in the nuclei to those in the whole cells was 

significantly higher in PTHrP-Tg/+ mouse (PTHrP-Tg/+: PTHrP-KO =51 % vs. 38 %, 

p<0.0001) [2], supporting the hypothesis that PTHrP increases HDAC4 nuclear 

translocation.

Identification of HDAC5 as an additional mediator of PTHrP signaling

To identify additional mediators of PTHrP signaling that might work in HDAC4-KO mouse, 

we focused on other class IIa HDAC proteins, namely HDAC5, HDAC7, and HDAC9. We 

hypothesized that the common N-terminal extension among class IIa HDAC proteins might 

be regulated by PTHrP signaling, as we observed with HDAC4.

(1) Expression analysis

In microarray analysis using manually micro-dissected proximal tibial growth plates of 

newborn WT mice, HDAC5 mRNA and HDAC7 mRNA showed similar expression levels to 

those of HDAC4 mRNA, but the expression levels of HDAC9 mRNA were at background 

levels [2]. Thus, we narrowed down the candidates to HDAC5 and HDAC7.

(2) Homology analysis

Then, we analyzed the homology in protein sequence among HDAC4, HDAC5, and 

HDAC7. We focused on the homology in the N-terminal extension domain that is 

characteristic for class II HDAC family proteins. We found higher homology between 

HDAC4 and HDAC5 than between HDAC4 and HDAC7 (50 % vs. 27 %) in contrast to the 

similarity in the C-terminal histone deacetylase domain (74 % vs. 68 %) [2]. Taken together, 

we investigated HDAC5 first.

(3) HDAC4 and HDAC5 double KO mouse

We first analyzed HDAC5-KO mouse at birth, but found a normal phenotype in the rib 

chondrocytes, tibial growth plate, and whole tibia. Next, we analyzed mice with mutations in 

both HDAC4 and HDAC5. Surprisingly, HDAC4-KO: HDAC5-HET mouse died 

immediately after birth. The rib phenotype of this mouse was similar to that of PTHrP-KO 

mouse with dramatically accelerated chondrocyte hypertrophy [2]. This result is consistent 

with the notion that HDAC5 mediates PTHrP signaling to suppress chondrocyte hypertrophy 

in HDAC4-KO mouse. HDAC4 and HDAC5 double KO mouse died at birth with a more 

severe rib phenotype than that of PTHrP-KO mouse [2], and thus had a phenotype similar to 

that of PTH/PTHrP receptor-KO mouse [31]. The phenotype in HDAC4 and HDAC5 double 

KO mouse supports the hypothesis that both of these class II HDAC proteins are necessary 

for PTHrP signaling to efficiently block the initiation of chondrocyte hypertrophy.

We did not analyze the double mutant mice of HDAC4 and HDAC7 to examine if HDAC7 

also mediates PTHrP signaling. HDAC7 alone cannot block accelerated chondrocyte 

hypertrophy in HDAC4 and HDAC5 double KO mouse at birth. In contrast, HDAC5 can 

block accelerated chondrocyte hypertrophy in HDAC4-KO mouse at birth. Though we 
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cannot exclude a role of HDAC7, we concluded that HDAC4 and HDAC5 are the main 

mediators of PTHrP signaling in chondrocytes.

(4) HDAC5 deletion in the PTHrP-Tg mouse

To explore the relative actions of HDAC4 and HDAC5 in the setting of PTHrP 

overexpression in the growth plates, we deleted the HDAC5 gene in PTHrP-Tg/+ mouse. 

The heterozygous or homozygous deletion of HDAC5 had no effects on the PTHrP-Tg/+ 

phenotype, in contrast to the findings with the HDAC4 deletion inPTHrP-Tg/+ mouse [2].

Next, we deleted the HDAC5 gene in HDAC4-HET: PTHrP-Tg/+ mouse. With HDAC4 

expression limited, we found a stepwise acceleration of chondrocyte differentiation when the 

HDAC4-HET was combined with HDAC5-HET and thenHDAC5-KO [2]. These results 

demonstrate that HDAC5 mediates PTHrP signaling, when the expression level of HDAC4 is 

low.

Downstream of the PTHrP/HDAC4/Mef2 pathway

Next, we investigated mediators working downstream of PTHrP/HDAC4/Mef2 pathway. A 

previous study showed that Runx2 mRNA expression is reduced in the prehypertrophic 

region of the growth plate when Mef2C was knocked out of chondrocytes and osteoblasts 

using Twist2-Cre [24]. This finding is consistent with the idea that, in chondrocytes, Runx2 

expression reflects Mef2 action. To test if Runx2 drives chondrocyte hypertrophy 

downstream of Mef2, we utilized HDAC4 deficient animals.

In HDAC4-KO mice, HDAC4 deletion leads to high Mef2C activity that subsequently 

induces rib chondrocyte hypertrophy and mineralization anteriorly, where this does not 

normally occur [13, 24]. The heterozygous deletion of Runx2 in HDAC4-KO mouse 

abrogates chondrocyte hypertrophy, which enables this mouse to survive longer with a 

normal rib phenotype [2]. The heterozygous deletion of Runx2 itself had no effects on the 

rib phenotype. This result indicates that Mef2 fails to induce chondrocyte hypertrophy when 

Runx2 expression is limited. Taken together, Runx2 works downstream of HDAC4/Mef2 

and HDAC5/Mef2 to drive chondrocyte hypertrophy.

PTHrP regulates Sik3 activity in vitro

In the discussions above, how PTHrP action leads to lower phosphorylation of HDAC4 was 

unknown. In our next paper [3], we investigated molecules that phosphorylate HDAC4. We 

first focused on a kinase named Salt-inducible kinase (Sik) 3, because a previous study 

reported that Sik3-KO animals exhibits delay in chondrocyte hypertrophy [32] reminiscent 

to what is observed in PTHrP-Tg mice [12]. Salt-inducible kinases are AMPK family 

kinases that are known to phosphorylate N-terminal 14-3-3 binding sites on class IIa HDACs 

[33]. Moreover, SIK activity is regulated by cAMP/PKA signaling in multiple cell types 

[33,34]. Cyclic AMP signaling leads to protein kinase A (PKA)-mediated phosphorylation 

of Sik3, a modification that allosterically inhibits cellular Sik3 kinase activity [35]. Taken 

together, we hypothesized that Sik3 might phosphorylate the 14-3-3 binding sites of HDAC4 
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in chondrocytes and that PTHrP might reduce HDAC4 phosphorylation by inhibiting Sik3 

activity through cAMP/PKA pathway.

To test this hypothesis, we treated primary rib chondrocytes with PTH and examined 

phosphorylation status of a 14-3-3 binding site of HDAC4 and that of a PKA target site of 

Sik3 using Western blot. In these cells, activation of PTH/PTHrP signaling pathway leads to 

increased Sik3 phosphorylation at T441, one of three PKA-target phosphorylation sites on 

Sik3 protein [36]. In turn, reduced Sik3 activity leads to reduced HDAC4 phosphorylation at 

the first 14-3-3 binding site [3]. These results indicate that PTHrP suppresses Sik3 activity, 

leading to lower phosphorylation of HDAC4.

PTHrP and Sik3 double KO mouse

To identify the link between PTHrP signaling and Sik3 in vivo, we asked if the Sik3 deletion 

might lower the high HDAC4 phosphorylation status that is characterized in PTHrP-KO 

mouse. If HDAC4 is phosphorylated by Sik3 in chondrocytes, the lethal phenotype of 

PTHrP-KO mice should be rescued by knocking out Sik3 activity. To test this hypothesis, we 

generated PTHrP-KO: Sik3-cKO (Col2-Cre) double KO mice. Strikingly, the perinatal 

lethality of PTHrP-KO mouse is completely rescued by Sik3 deletion [3]. Consistent with 

rescued rib chondrocyte hypertrophy, the double KO mice can survive up to one month after 

birth. The cause of death in the double KO mice is not abnormal rib chondrocyte 

hypertrophy and mineralization. One possibility is that a complete failure of tooth eruption 

in the double KO mice might cause the death after weaning [3].

Sik2/Sik3 or Sik1/Sik3 double KO mouse

Sik3-KO mice and chondrocyte specific Sik3 cKO mice show delayed chondrocyte 

hypertrophy compared to WT mouse [3, 32], but it is not as severe as the delay of 

chondrocyte hypertrophy in chondrocyte-specific PTHrP-Tg mice [12]. The more severe 

phenotype in PTHrP-Tg/+ mice suggests that other Sik family proteins (Sik1 or Sik2) may 

control chondrocyte hypertrophy in addition to Sik3. To confirm this hypothesis, we 

generated double cKO mice of Sik1 and Sik3 or Sik2 and Sik3.

By additional deletion of the Sik1 [36] or Sik2 [37] gene in Sik3-cKO mice, we observed 

longer growth plate and delayed separation of proximal and distal growth plates at birth. 

These results suggest that Sik1 and Sik2 also regulate chondrocyte differentiation when Sik3 

is absent, but that Sik2 deletion exhibits more obvious effects [3]. However, Sik2 and Sik3 

double cKO mice are still not as severe as the delay of PTHrP-Tg mice. We have not been 

able to generate Sik1 and Sik2 and Sik3 triple cKO mice.

Sik1-cKO mice, Sik2-cKO mice, and Sik1 and Sik2 double cKO mice exhibited normal 

growth plate phenotypes, highlighting that Sik3 is the predominant Sik isoform in regulating 

chondrocyte differentiation [3].
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Sik3 and HDAC4 double KO mouse

To confirm that Sik3 exerts its effects on chondrocyte differentiation via the PTHrP/HDAC4 

signaling pathway, we generated chondrocyte-specific Sik3 and HDAC4 double mutant 

mice. By heterozygous or homozygous deletion of the HDAC4 gene in Sik3-cKO mouse, 

stepwise shorter proliferating chondrocyte regions were observed at birth, consistent with 

the idea that HDAC4 acts downstream of Sik3 to delay chondrocyte hypertrophy. Delayed 

chondrocyte hypertrophy observed inSik3-cKO mice is completely abrogated by 

homozygous deletion of HDAC4 gene. Sik3 and HDAC4 double cKO mice appear 

phenotypically similar toHDAC4-cKO mice, indicating that HDAC4 functions downstream 

as a key mediator of Sik3 signaling.

Other pathways whereby Sik3 might regulate chondrocyte hypertrophy

It is reported that Sik3 induces chondrocyte hypertrophy by increasing acetyl-CoA, a 

substrate for the TCA cycle [38]. The same group identified a new Sik3 inhibitor, Pterosin B 

by screening ~2,500 compounds. Pterosin B inhibits chondrocyte hypertrophy in articular 

cartilage, leading to protection of cartilage from osteoarthritis [39]. This result suggests that 

Sik3 regulates the homeostasis of articular cartilage. Another group demonstrated that Sik3 

is an essential positive regulator of mTOR (mammalian target of rapamycin) signaling by 

inducing the phosphorylation and subsequent proteosomal degradation of DEPTOR (DEP 

domain containing mTOR Interacting Protein), an inhibitor of mTOR, in response to PTH/

PTHrP signaling [40]. Our studies with Sik3/HDAC4 double mutants suggest that class IIa 

HDACs are likely the Sik3 substrates that dominate in regulation of the differentiation of 

chondrocytes in the growth plate. The role of acetyl-CoA or DEPTOR in chondrocyte 

hypertrophy and their regulation by SIKs remains to be studied using mouse genetics.

Summary

Figure 1 summarizes the model resulting from our data and the previous manuscripts [24, 

25]. PTHrP/cAMP/PKA signaling pathway phosphorylates the PKA-target sites on Sik3 

molecule, leading to inhibition of Sik3 kinase activity. Inhibition of Sik3 kinase activity 

decreases phosphorylation of HDAC4 at the 14-3-3 binding sites, which induces HDAC4 

nuclear translocation by releasing HDAC4 from 14-3-3 proteins. In the nucleus, HDAC4 

blocks the transcriptional activity of Mef2 through its Mef2 binding sites. Mef2 drives 

chondrocyte hypertrophy both by direct action and by activating=Runx2 expression. Runx2 

works downstream of HDAC4&5/Mef2 to drive chondrocyte hypertrophy. Sik1 and Sik2 

also mediate the PTHrP/cAMP/PKA signaling pathway when Sik3 activity is low. HDAC5 

also mediates PTHrP signaling when HDAC4 expression is low.
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Highlights:

• Hypertrophy of chondrocytes is a crucial step in endochondral bone 

formation.

• Parathyroid hormone-related protein (PTHrP) inhibits chondrocyte 

hypertrophy.

• Myocyte enhancer factor 2 (Mef2) drives chondrocyte hypertrophy.

• Histone deacetylase 4 (HDAC4) blocks this Mef2 action upon nuclear 

translocation.

• PTHrP induces HDAC4 translocation by inactivating salt-inducible kinase 3 

(Sik3).
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Figure 1. Proposed model for regulation of chondrocyte hypertrophy.
The pathways in red letters drive chondrocyte hypertrophy. The pathways in blue letters 

inhibit chondrocyte hypertrophy. Chondrocyte hypertrophy is determined by the balance 

between the actions of Mef2 and HDAC4. Mef2 drives chondrocyte hypertrophy both by 

direct action and by activating Runx2 expression. Sik3 phosphorylates the 14-3-3 binding 

sites of HDAC4, which keeps HDAC4 in cytoplasm and subsequently inhibits HDAC4 to 

access Mef2 in nucleus. PTHrP inhibits the Mef2 action by releasing HDAC4 from 14-3-3. 

PTHrP reduces Sik3 activity through phosphorylation of PKA target sites on Sik3.
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