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Background: Protein methylation has important role in regulating diverse cellular re-
sponses, including differentiation, by affecting protein activity, stability, and interactions. 
AZ505 is an inhibitor of the SET and MYND domain-containing protein 2 lysine methyl-
ase. In this study, we investigated the effect of AZ505 on osteoblast and osteoclast dif-
ferentiation in vitro and evaluated the effect of AZ505 in vivo on the long bones in mice. 
Methods: Osteoblast differentiation was assessed by alkaline phosphatase (ALP) and 
Alizarin red staining after culturing calvarial preosteoblasts in an osteogenic medium. 
Osteoclast differentiation was analyzed by tartrate-resistant acid phosphatase (TRAP) 
staining in bone marrow-derived macrophages cultured with macrophage-colony stim-
ulating factor and receptor activator of nuclear factor-κB ligand (RANKL). For in vivo ex-
periments, mice were intraperitoneally injected with AZ505 and femurs were examined 
by micro-computed tomography. Results: AZ505 increased ALP and Alizarin red stain-
ing in cultured osteoblasts and the expression of osteoblast marker genes, including 
Runx2 and osteocalcin. AZ505 resulted in decreased TRAP-staining of osteoclasts and 
expression of c-Fos and nuclear factor of activated T cells transcription factors and osteo-
clast marker genes, including cathepsin K and dendritic cell-specific transmembrane 
protein. Unexpectedly, in vivo administration of AZ505 markedly decreased the trabecu-
lar bone mass of femurs. In support of this catabolic result, AZ505 strongly upregulated 
RANKL expression in osteoblasts. Conclusions: The results indicate that AZ505 has a cat-
abolic effect on bone metabolism in vivo despite its anabolic effect in bone cell cultures. 
The findings indicate that cell culture data should be extrapolated cautiously to in vivo 
outcomes for studying bone metabolism. 
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INTRODUCTION

Epigenetic regulation of gene expression has been recognized as a crucial event 
in physiological and pathological development, regeneration, and repair that in-
volves cell differentiation.[1,2] Protein methylation/demethylation is an important 
division in the epigenetic control of gene expression. Histone lysine methyltrans-
ferases and demethylases modulate methylation dynamics of specific lysine resi-
dues of histones at promoters of target genes. SET and MYND domain-containing 
protein 2 (SMYD2) is a methyltransferase that methylates histone H3 at lysine 4 
(H3K4) and lysine 36 (H3K36).[3] Dimethylation of H3K36 by SMYD2 at tumor ne-
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crosis factor-α (TNF-α) promoter suppresses TNF-α expres-
sion in macrophages.[4] Besides histones, other proteins 
are also substrates of methyltransferases and demethylas-
es. Lysine methylation of non-histone proteins has been 
reported to play critical roles in tumorigenesis by affecting 
modification of other proteins, protein-protein interaction, 
protein stability, and subcellular localization.[5] SMYD2 
methylates p53 and Rb tumor suppressors resulting in the 
repression of their activities and consequent tumor pro-
motion.[6-8] In addition, estrogen receptor-α (ER-α) was 
shown to be a target of SMYD2.[9,10] ER-α methylation at 
lysine 266 by SMYD2 leads to repression of ER-α-dependent 
transactivation. Despite the crucial involvements of epi-
genetics and ER signaling in the control of bone metabo-
lism, the role of SMYD2 in the regulation of bone cells or 
bone mass has not been explored to date. 

AZ505 has been developed as an inhibitor of protein 
methyltransferases with a great selectivity toward SMYD2.
[11,12] This chemical was shown to suppress the prolifera-
tion of breast cancer cells in vitro and tumor growth in vivo.
[13] AZ505 also decreased cyst growth in mice model of 
autosomal dominant polycystic kidney disease.[14] These 
effects were attributed to the inhibition of SMYD2-mediat-
ed methylation of STAT3 and p65 transcription factors. In 
immune responses to Leishmania donovani, AZ505 in-
creased pro-inflammatory response in infected J774 mac-
rophages and multiplication of the pathogen in BALB/c 
mice by inhibiting epigenetic suppression of TNF-α expres-
sion SMYD2.[4] 

In this study, we sought to evaluate the potential effect 
of AZ505 on the differentiation of 2 major types of bone 
cells; osteoblasts and osteoclasts. In addition, the in vivo 
effect of AZ505 on bone metabolism was assessed in mice. 

METHODS

1. Animals
Eight-week-old female mice (C57BL/6) were used for in-

traperitoneal injection of AZ505. Five-week-old ICR male 
mice and neonatal ICR mice were used to prepare bone 
marrow-derived macrophages (BMMs) and calvarial pre-
osteoblasts, respectively. All mice were purchased from 
OrientBio (Gapyeong, Korea). All animal experimental pro-
cedures were approved by the Institutional Animal Care 
and Use Committee of Seoul National University.

2. Reagents
AZ505 was purchased from MedChemExpress (Mon-

mouth Junction, NJ, USA). Recombinant human macro-
phage colony-stimulating factor (M-CSF) and human solu-
ble receptor activator of nuclear factor-κB ligand (RANKL) 
were purchased from PeproTech (Rocky Hill, NJ, USA). Anti-
nuclear factor of activated T cells (NFATc1; 7A6) and anti-c-
Fos (H125) antibodies were from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA), and monoclonal antibodies against 
β-actin (AC-74) and secondary antibodies were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). All other reagents 
were obtained from Sigma-Aldrich.

3. Osteoclast differentiation
Osteoclast differentiation culture was performed with 

mouse BMMs as previously described.[15,16] In brief, bone 
marrow cells were flushed from the tibiae and femurs of 
5-week-old female ICR mice and cultured in α-minimal es-
sential medium (α-MEM) containing 10% fetal bovine se-
rum (FBS) overnight on culture dishes. Adherent cells were 
discarded, and nonadherent cells were further incubated 
with 30 ng/mL M-CSF in Petri dishes for 3 days. Adherent 
cells were harvested and used as BMMs. BMMs were seed-
ed at 3×104 per well in 48-well plates or 3×105 per well in 
6-well plates and cultured with 30 ng/mL M-CSF. From the 
following day, cells were cultured with 30 ng/mL M-CSF 
and 100 ng/mL RANKL to induce osteoclast differentiation. 
To evaluate the differentiation extent, cells were fixed with 
3.7% formaldehyde and permeabilized in 0.1% Triton 
X-100 for 1 min. Tartrate-resistant acid phosphatase (TRAP) 
staining was performed for 5 to 15 min.

4. Osteoblast differentiation
Primary calvarial preosteoblasts were prepared from cal-

varae of neonatal mice, as previously described.[17] For 
the induction of osteogenesis, calvarial preosteoblasts 
were seeded at 3×104 per well in 48-well plates or 3×105 
per well in 6-well plates in α-MEM containing 10% FBS. On 
the next day, the medium was changed to an osteogenic 
medium containing 10 mM of β-glycerophosphate and 
100 μg/mL of ascorbic acid. To evaluate the differentiation 
extent, cells were stained for alkaline phosphatase (ALP) 
activity or the cell lysates were subjected to quantitative 
ALP activity assay. Matrix mineralization was assessed by 
Alizarin red staining. For quantitation, stained cells were 
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incubated with 100 mM of cetylpyridinium chloride for 2 
hr at 37°C and the optical density of eluates was measured 
at 415 nm.

5. Co-culture
Calvarial preosteoblasts (2×104) and bone marrow cells 

(2×105) were seeded on a collagen-coated 48-well plates 
and cultured with α-MEM containing 10% FBS in the pres-
ence of 10 nM 1,25-dihydroxyvitamin D3 and 1 μM prosta-
glandin E2. The medium was changed every 3 days. To 
evaluate osteoclast formation, cells were fixed with 3.7% 
formaldehyde and permeabilized in 0.1% Triton X-100 for 
5 min. TRAP staining was performed for 5 to 15 min.

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

Quantification of mRNA expression by real-time PCR 
analysis was carried out as previously described.[18] The 
primer sequences used were as follows: cbfa1, forward 5′-
CGC ACG ACA ACC GCA CCA-3′ and reverse 5′-CAG CAC 
GGA GCA CAG GAA GTT-3′; sp7, forward 5′-ATG CGA AGC 
CTT GCC GTA CA-3′ and reverse 5′-TCT ACC TGC GAC TGC 
CCC AA-3′; bglap, forward 5′-CCG GGA GCA GTG TGA GCT 
TA-3′ and reverse 5′-TAG ATG CGT TTG TAG GCG GTC-3′; 
alpl, forward 5′-TCC GTG GGC ATT GTG ACT AC-3′ and re-
verse 5′-TGG TGG CAT CTC GTT ATC CG-3′; col1a1, forward 
5′-GCA TGG CCA AGA AGA CAT CC-3′ and reverse 5′-CCT 
CGG GTT TCC ACG TCT-3′; ibsp, forward 5’- CAG AGG AGG 
CAA GCG TCA CT-3’ and reverse 5’-CTG TCT GGG TGC CAA 
CAC TG-3’; nfatc1, forward 5’-CCAGTATACCAGCTCTGCCA-3’ 
and reverse 5’-GTG GGA AGT CAG AAG TGG GT-3’; fos, for-
ward 5’-ACT TCT TGT TTC CGG C-3’, reverse 5’-AGC TTC AGG 
GTA GGT G-3’; acp5, forward 5’-CGA CCA TTG TTA GCC ACA 
TAC G-3’ and reverse 5’-TCG TCC TGA AGA TAC TGC AGG TT-
3’; ctsk, forward 5’-ATA TGT GGG CCA CCA TGA AAG TT-3’ 
and reverse 5’-TCG TTC CCC ACA GGA ATC TCT-3’; dcstamp, 
forward 5’-GGG TGC TGT TTG CCG CTG-3’ and reverse 5’-
CGA CTC CTT GGG TTC CTT GCT-3’; tnfsf11, forward 5′-TGG 
AAG GCT CAT GGT TGG AT-3′ and reverse 5′-CAT TGA TGG 
TGA GGT GTG CAA-3′; tnfsf11b, forward 5′-GCA GCC CAG 
TGT GCA AGG AA-3′ and reverse 5′-TTC GAT CTC CAG GTA 
ACG CCC-3′; hprt, forward 5′-CCT AAG ATG AGC GCA AGT 
TGA A-3′ and reverse 5′-CCA CAG GGA CTA GAA CAC CTG 
CTA A-3′.

7. Cell viability assay
Cells were seeded in 48-well plates at the density of 

3×104 cells per well and cultured in a differentiation medi-
um together with vehicle or AZ505. On day 3, cells were 
subjected to cytotoxicity assay using the QuantiMaxTM 
WST-8 assay kit (Biomax, Seoul, Korea). After incubation 
with the reagents for 1 hr, the optical density was mea-
sured at 450 nm.

8. in vivo AZ505 administration and micro-
computed tomography (CT) analysis

Eight-week-old female mice (C57BL/6) were injected in-
traperitoneally with vehicle or AZ505 and the femurs were 
analyzed with SkyScan 1172 (SkyScan, Kontich, Belgium; 
70 Kv, 141 μA, 6.92 pixel size). Trabecular bone was mea-
sured in the 1-mm-thick region starting 1 mm below the 
growth plate at thresholds of 89 minimum and 255 maxi-
mum. Bone parameters were calculated with the CTana-
lyzer program (version 1.7; SkyScan), and 3-dimensional 
images were obtained with the CT-volume software (ver-
sion 1.11; SkyScan). 

9. Statistical analysis
Statistical differences between the 2 groups were deter-

mined using Student’s t-test. A P-value of less than 0.05 
was considered significant.

RESULTS

1. AZ505 promotes osteoblast differentiation 
in vitro

We first assessed the effect of AZ505 on in vitro cultures 
of osteoblast precursors under an osteogenic condition. 
Preosteoblasts obtained from mice calvarial bones were 
cultured in a medium containing β-glycerophosphate and 
ascorbic acid to induce osteoblast differentiation in the 
presence or absence of AZ505. When cultures were stained 
for ALP activity, AZ505 resulted in an increase in the stain-
ing intensity in a dose-dependent manner at concentra-
tions from 0.12 μM (IC50) to 1.2 μM (Fig. 1A). AZ505 did not 
exert cytotoxicity at concentrations up to 1.2 μM in this 
culture condition (Fig. 1A). Quantitative ALP activity assays 
with cell lysates revealed a statistically significant increase 
in cells treated with AZ505 at 1.2 μM (Fig. 1B). The matrix 
mineralization in the culture was evaluated by Alizarin red 
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staining. Treatment with AZ505 (1.2 μM) increased staining 
intensity (Fig. 1C). 

With the results of ALP and Alizarin red staining, we next 
examined the effect of AZ505 on the expression of genes 
involved in osteoblast differentiation and matrix forma-
tion. The mRNA levels of transcription factors Runx2 (gene 
symbol cbfa1) and osterix (sp7), and matrix proteins colla-

gen type I α1 (col1a1), osteocalcin (bglap), bone sialopro-
tein (ibsp), and ALP (alpl) were quantitatively measured by 
real-time PCR. AZ505 moderately increased mRNA levels 
of cbfa1 and col1a1 while greatly upregulating mRNA lev-
els of bglap, sp7, ibsp, and alpl (Fig. 1D). These results indi-
cate that AZ505 promoted the osteoblast differentiation 
and mineral apposition in this calvarial preosteoblast cul-
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Fig. 1. AZ505 stimulates osteoblast differentiation in vitro. (A) Calvarial preosteoblasts were cultured in osteogenic medium with the indicated 
concentration of AZ505 for 3 days. Cells were subjected to alkaline phosphatase (ALP) staining (×40 magnification) or cell viability assay. (B) Cal-
varial preosteoblasts were cultured in osteogenic medium for 3 days with 1.2 μM AZ505 or vehicle, and ALP staining and ALP activity assay were 
performed. (C) Calvarial preosteoblasts were cultured in osteogenic medium for 9 days with 1.2 μM AZ505 or vehicle and stained with Alizarin 
red (×40 magnification). Alizarin red stain was quantified after solubilization with cetylpyridinium chloride. (D) Calvarial preosteoblasts were cul-
tured in osteogenic medium containing either vehicle or 1.2 μM AZ505 for the indicated days and subjected to reverse transcription-quantitative 
polymerase chain reaction. Data are presented as mean±standard deviation. **P<0.005 vs. vehicle.
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ture and suggest that this SMYD2 inhibitor may have a 
bone anabolic function. 

2. AZ505 inhibits osteoclast differentiation  
in vitro

We next investigated the effect of AZ505 treatment on 
osteoclast differentiation. Primary BMMs derived from 
mouse bone marrow cells were used as osteoclast precur-
sor cells and cultured in the presence of M-CSF and RANKL 
with or without AZ505. When the culture was stained for 
TRAP activity, AZ505 was found to decrease the genera-
tion of multinucleated TRAP-positive osteoclasts (Fig. 2A). 
Consistent with the TRAP staining result, the upregulation 
of TRAP mRNA level by RANKL was attenuated in cells 
treated with AZ505 (Fig. 2B). The mRNA levels of other os-
teoclast marker genes, cathepsin K (ctsk) and dendritic cell-
specific transmembrane protein (dcstamp), were also lower 
in AZ505-treated cells (Fig. 2B). The expression of these 
genes is controlled by the transcription factors NFATc1 and 
c-Fos, which have been shown to be essential for osteo-
clast differentiation.[19,20] Therefore, we analyzed the 
mRNA and protein levels of NFATc1 and c-Fos in the osteo-
clastogenic cultures treated with AZ505. Both the mRNA 
and protein levels of NFATc1 were significantly lower in 

AZ505-treated cultures (Fig. 2C, D). AZ505 also affected c-
Fos levels to an extent much weaker than its effect on 
NFATc1 (Fig. 2C, D). These results demonstrate that AZ505 
can suppress osteoclast differentiation by interfering with 
the NFATc1 induction by RANKL. 

3. AZ505 induces bone loss in mice
Given that AZ505 promoted osteoblast differentiation 

and suppressed osteoclast formation in the in vitro cultures 
(Fig. 1, 2), we next sought to assess the in vivo effect of this 
chemical on bone metabolism by intraperitoneal injection 
into mice. Eight-week-old female mice were treated with 5 
mg/kg AZ505 daily for 4 weeks and micro-CT analysis was 
performed. To our surprise, femurs of the AZ505-treated 
group showed much lower trabecular bone mass than 
those of the vehicle-treated control group (Fig. 3A). Quan-
titative analyses revealed a great reduction in bone vol-
ume per tissue volume and trabecular number in AZ505-
treated mice (Fig. 3B). Trabecular separation was accord-
ingly increased by AZ505 administration (Fig. 3B). These 
effects were observed even at 0.1 mg/kg/day dose admin-
istered only for 2 weeks (Fig. 3C), indicating a strong po-
tency of this chemical on bone metabolism.

Fig. 2. AZ505 inhibits osteoclast differentiation in vitro. (A) Bone marrow-derived macrophages (BMMs) were cultured in the presence of macro-
phage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor-κB ligand (RANKL) with or without 1.2 μM AZ505 for 6 days and 
stained for tartrate-resistant acid phosphatase (TRAP) (×100 magnification). (B, C) BMMs were cultured in the presence of M-CSF and RANKL 
with or without AZ505 for the indicated days and subjected to reverse transcription-quantitative polymerase chain reaction. (D) Protein lysates 
were prepared from cells cultured for the indicated days with M-CSF and RANKL in the presence or absence of AZ505. Western blot was performed 
using antibodies for nuclear factor of activated T cells (NFATc1), c-Fos and β-actin. Data are presented as mean±standard deviation. NS, not sig-
nificant. *P<0.05. **P<0.005 vs. vehicle.
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4. AZ505 potently stimulates RANKL expression
As the in vivo result was in contradiction to the expecta-

tion derived from in vitro data, we next examined the pos-
sibility that AZ505 regulates the expressions of RANKL and 
osteoprotegerin (OPG) in osteoblasts. The mRNA levels of 
RANKL (tnfsf11) and OPG (tnfsf11b) of calvarial preosteo-
blasts during osteogenic differentiation were assessed by 
quantitative real-time PCR. AZ505 increased tnfsf11 levels 
about 4-fold (Fig. 4A). The mRNA level of tnfsf11b was de-
creased by AZ505 treatment (Fig. 4B). These changes led to 
about 5-fold increase in the ratio of tnfsf11/tnfsf11b by 
AZ505 (Fig. 4C). The strong increase in the RANKL/OPG ra-
tio by AZ505 may explain the great reduction in bone 
mass of the mice treated with AZ505. Consistently, co-cul-
tures of osteoblasts and bone marrow cells in the presence 
of 1,25-dihydroxy-vitamin D3 and prostaglandin E2 dis-

played an increase in osteoclasts number by AZ505-treat-
ment (Fig. 4D).

 

DISCUSSION

An approach frequently utilized in finding drug candidates 
with therapeutic potential for osteoporosis is screening 
chemicals with in vitro cultures of osteoblasts or osteoclasts. 
By the cell culture-based screening, we found that AZ505 
has a potent stimulatory effect on osteogenesis and inhibi-
tory effect on osteoclastogenesis from precursors of osteo-
blasts and osteoclasts, respectively. With these desirable 
dual effects, we expected a strong positive outcome of in-
creased bone mass in mice treated with AZ505. To our sur-
prise, AZ505 severely reduced bone mass of femurs, which 
could be attributed, at least in part, to the stimulation of 

Fig. 3. AZ505 reduces trabecular bone mass in mice. (A, B) The 8-week-old female mice were injected intraperitoneally with vehicle or 5 mg/kg 
AZ505 for 4 weeks daily, and the femurs were subjected to micro-computed tomography (CT) analysis. (A) Representative 3-dimensional images 
of trabecular bone and coronal 2-dimensional images are shown. Bone parameters of trabecular bone volume per tissue volume (BV/TV), trabecu-
lar number (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) were analyzed with a micro-CT analysis program (vehicle, N=4; 
AZ505, N=5). (C) The 8-week-old female mice were intraperitoneally injected with vehicle or AZ505 (0.1, 1, 2.5 mg/kg) for 2 weeks daily. The fe-
murs were analyzed by micro-CT (N=3). Data are presented as mean±standard deviation. *P<0.05. **P<0.005 vs. vehicle. 
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Fig. 4. Receptor activator of nuclear factor-κB ligand (RANKL) expression is induced by AZ505. (A-C) Calvarial preosteoblasts were cultured in os-
teogenic medium containing either vehicle or AZ505 (1.2 μM) for the indicated days. The mRNA levels of tnfsf11 and tnfsf11b were analyzed by 
reverse transcription-quantitative polymerase chain reaction and the RANKL to osteoprotegerin ratio was calculated. (D) Calvarial preosteoblasts 
and bone marrow cells were co-cultured for 10 days with 1.2 μM AZ505 or vehicle and stained for tartrate-resistant acid phosphatase (TRAP)  
(×100 magnification). TRAP+ multinucleated osteoclasts were counted. Data are presented as mean±standard deviation. **P<0.005 vs. vehicle.  
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RANKL production. Our result showing detrimental effect 
in vivo despite promising positive effect in vitro signifies the 
importance of in vivo verification in development of osteo-
porosis therapeutics post in vitro cell-based screening.

In our study, AZ505 enhanced osteoblast differentiation 
and mineralization. Bone morphogenetic proteins (BMPs) 
are one of the representative osteogenesis inducers. There 
have been reports that show a potential link between BMP 
signaling and protein methyl transferases. In the study by 
Gao et al. [21], BMP type II receptor was shown to be meth-
ylated by SMYD2 in its kinase domain and the methylation 
led to enhanced BMP signaling in HaCaT keratinocytes. In 
addition, AZ505 suppressed the phosphorylation of Smad1/5 
induced by BMP2.[21] The inhibitory effect of AZ505 on 
BMP2 signaling in HaCaT keratinocyte cells is contradictory 
to the stimulatory effect of AZ505 on osteogenesis observed 
in our study. To explain these contradictory observations, it 
is necessary to investigate where SMYD2 has a role in os-
teoblast differentiation and whether AZ505 affects BMP 
signaling in osteoblasts. AZ505 may affect targets in osteo-
blasts different from those in keratinocytes. Another possi-
bility that cannot be ruled out might be the effects of AZ505 
independent on its SMYD2 inhibitory function. 

The bone loss induced by AZ505 in mice femurs might 
be attributed to the stimulation of RANKL expression in os-

teoblasts (Fig. 4). Given that AZ505 inhibits SMYD2 meth-
yltransferase, AZ505 might have affected RANKL gene ex-
pression through SMYD2-dependent protein methylation. 
Indeed, SMYD2 mediated H3K36 dimethylation in J774 
macrophages to regulate TNF-α expression.[4] In addition, 
SMYD2 methylated STAT3 and p65 transcription factors, 
promoting the proliferation of triple-negative breast can-
cer cell lines.[13] In analogy, it can be postulated that 
SMYD2 methylate transcription factors or histones were 
recruited to RANKL gene promoter. A potential candidate 
transcription factor is Runx2 as Runx2 was shown to in-
crease RANKL expression in bone-metastatic breast and 
prostate cancer cells.[22] Whether Runx2 protein is meth-
ylated and whether Runx2 methylation regulates its activi-
ty have not been revealed yet.[23] However, Runx1 has 
been shown to be methylated at lysine by mixed-lineage 
leukemia and SUV39H1.[24-27] Similarly, Runx2 may be 
regulated by SMYD2-mediated methylation. An alternative 
possibility is that histone methylation at Runx2 promoter 
is mediated by SMYD2 and this methylation suppresses 
Runx2 expression. While evidence for this notion is lacking, 
demethylation of H3K27 by Jumonji domain-containing 3 
was shown to increase Runx2 expression.[28] 

Osteoclast activity is required for proper bone develop-
ment and tooth eruption.[29] The deficit in formation and/
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or function of osteoclasts cause osteopetrosis.[30,31] To 
ameliorate osteopetrosis, bone marrow transplantation is 
performed in expectation of transplanted hematopoietic 
cells supplying osteoclast precursors.[32-34] Cell therapy 
like bone marrow transplantation however has a disadvan-
tage due to its risk of side effects including graft versus 
host disease. Achieving osteoclast stimulatory effects with 
small-molecule chemicals or lipids may be a more conve-
nient and inexpensive strategy in treatment of osteopetro-
sis. Our results showing a great induction of RANKL and 
subsequent bone loss in AZ505-treated mice suggest a 
potential use of this chemical on osteopetrotic diseases. 
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