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Vorinostat (SAHA) promotes osteoblast differentiation 
and bone formation via Dkk-1 suppression
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Abstract: Objective: This study aims to elucidate the therapeutic effect of Vorinostat (SAHA), one of the histone 
deacetylase inhibitor (HDIs), against osteoporosis in vitro and in vivo, and its mechanism in Wnt signal pathway. 
Method: In the study, western blotting, cytochemistric and histochemistry staining and ChIP-PCR methods were 
used to explore whether SAHA induces MCT3T3-E1 cells osteogenic differentiation, and its action in Wnt pathway 
activation. The authors also build an ovariectomized rat model to mimic osteoporosis disease. ELISA was employed 
to study HDIs or saline on osteoporosis prevention in ovariectomized rats. Results: It showed that SAHA increased 
ALP activity and promoted MC3T3-E1 cells towards terminal osteoblast differentiation in vitro. Additionally, SAHA 
induced genomic-wide H3 and H4 acetylation and activated the Wnt/beta-catenin signal pathway. RT-PCR results 
indicated that TCF1 expression level increased significantly after SAHA treatment (P<0.01). In ovariectomized rat 
study, serum Dkk-1 level dropped significantly in SAHA treatment (i.p.) compared with DNSO group (P<0.01). The 
bone mature biomarkers, ALP and RUNX2, increased in bone marrow cells. The accumulation of beta-catenin within 
cells indicates SAHA activates Wnt pathway to promote osteoblast osteogenic differentiation. Conclusion: SAHA pro-
motes osteoblasts osteogenic differentiation through reducing Dkk-1 expression and activating Wnt/beta-catenin 
signal pathway. It could be regarded as a potential agent for the prevention and therapy against osteoporosis.
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Introduction

Osteoporosis has become a major threat to 
health of the elderly people in aging societies, 
causing bone fragility, and increased fracture 
risk. It is defined as a bone metabolic disease 
with bone mass lost and microarchitecture 
destroyed [1]. Primary osteoporosis is general- 
ly related with osteoblasts disability, senes-
cence and abnormal function of mesenchymal 
stem cells (MSCs). The main reason is per- 
sistent bone mineral lost and the death of os- 
teoblasts and osteocytes, as well as osteoclast 
over activation. In the procedure of osteoblast 
differentiation towards mature bone cells, the 
main bone formation markers include the se- 
rum bone formation markers total osteocalcin 
(OC) and the alkaline phosphatase (ALP) bone 
isoenzyme. At the same time, transcription fac-
tor Runx2 is also regarded as a biomarker dur-
ing osteoblast differentiation. 

Wnt/beta-catenin signaling shows the key im- 
pact in generation, differentiation of pluripo- 

tential MSCs toward osteoblasts. It also parti- 
cipates in bone homeostasis, including bone 
matrix formation, osteoblast and osteoclast 
balance [2]. Additionally, Wnt proteins prevent 
the apoptosis of mature osteoblasts, and th- 
ereby prolong their lifespan. Wnt signaling in 
bone is fine-tuned by several secreted glyco- 
proteins that act as Wnt antagonists. The most 
potent and best recognized of these are scle- 
rostin, Wise, and Dickkopf proteins [3]. It is re- 
ported Dickkopf-1 (Dkk-1) acts as an blocker  
of canonical Wnt signaling pathway, and has 
been associated with the progression of os- 
teolytic bone metastases by impairing osteo-
blast activity.

Numerous studies reported histone deacety-
lase inhibitor (HDIs) induce cell cycle arrest, dif-
ferentiation, and/or apoptosis of tumor cell 
lines in vitro and inhibit tumor growth in vivo. 
The tumor-selective effects of HDIs make them 
promising anticancer agents and several are 
currently in phase I and II clinical trials for leu-
kemia and solid tumors [4, 5]. In addition to 
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Mineralization

Osteoblasts was seeded in 6-well plates, and 
cultured for 21 days in minimal medium con-
taining 10 nM SAHA or DMSO to investigate 
bone nodule formation. Extracellular matrix cal-
cium deposits were stained with Alizarin red 
dye as reported. Osteoblasts were fixed with 
ice-cold 70% (v/v) ethanol and then stained 
with Alizarin Red S (20 mM) for 30 min. cell min-
eralization was evaluated by the microscopy 
and image processing software.

Western blotting 

Briefly, cells were lysed in RIPA buffer contain-
ing protease inhibitors (0.1 mg/ml PMSF, 10- 
fold diluted Aprotinin). Protein extracts (less 
than 50 μg) were electrophoresed on 8~15% 
SDS-PAGE gels and transferred onto Hybond 
membranes (GE Healthcare, Arlington Heights, 
IL) by electroblotting at 100 V for 1 h~2 h. The 
membranes were blocked in 5% nonfat milk 
and then were incubated with the design- 
ated primary antibodies for 2 hours, followed  
by incubation with a HRP-conjugated second-
ary antibody for another hour. After the mem-
brane was washed with Tris-buffered saline 
containing Tween-20, the reaction was visual-
ized by means of the ECL reagent kit (GE 
Healthcare). The membrane was exposed to 
films for a period ranging from 30 sec to 5 min.

RT and real time PCR 

Total mRNA was extracted by a commer- 
cial mRNA extraction kit (Thermo). Two μg of 
RNA were reverse-transcripted into cDNA using 
oligo dT primers. Real-time PCR primers for 
TCF-1 were synthesized by Lifethchnologies 
Inc.. Forward primer: CTCCAAGGACTGGAGAAC- 
ACTT; Reverse primer: CAGGCCCAGCGTGGCT- 
GGCTGT. Real time PCR was carried out at  
94°C for 30 s, 55°C for 30 s and 72°C for  
45 s for 30 cycles, using ABI prism 7700 se- 
quence detector and software to analyze the 
data (Applied Biosystems, CA).

Chromatin precipitation (ChIP) and PCR

Chromatin immunoprecipitation was performed 
based on the protocol previously published 
[12]. Briefly, cells were treated with 1% final 
concentration of formaldehyde for 10 min on 

metastatic and primary cancers, HDIs hold 
promise as therapeutics for other diseases 
such as rheumatoid arthritis and cardiocyte 
hypertrophy because of their ability to alter 
gene expression and reprogram cellular activi-
ties. Many studies reported that HDIs acceler-
ate bone matrix production and bone matura-
tion, induce the expression of osteoblast genes 
in osteogenic cell lines, primary calvarial cells, 
calvarial organ cultures, and mesenchymal pro-
genitor cells [6, 7]. The positive effects of HDIs 
on inducing osteoblast maturation are largely 
due to promote the activity of beneficial tran-
scription factor, such as Run2X [8]. As one of 
the HDIs, Vorinostat (SAHA) has been reported 
to impair immature osteoblasts and cause 
bone lost [9], thus does not fit for osteoporosis 
therapy, but other reports testify SAHA did not 
cause bone lost [10, 11]. Although previous 
studies focused on SAHA and osteoporosis, 
SAHA and ovariectomized rat were not involved. 
The mechanism involved in the HDIs-mediated 
bone formation and osteoblast differentiation 
are quite complicated. Thus, we elucidate the 
effect of SAHA in inducing MC3T3 cell osteoge-
neic formation. In another aspect, we explore 
whether SAHA could benefit ovariectomize 
osteoporosis rat in bone formation or osteo-
blast differentiation in vivo.

Materials and methods

Chemicals, cell line and reagents

SAHA was purchase form Selleck inc. Antibo- 
dies of Wnt3a, Wnt5, beta-catenin, LRP6 and 
phospho-LRP6 were from Wnt Signaling Anti- 
body Sampler Kit (Cellsignal inc. #2915). MC- 
3T3-E1 was purchased from ATCC institution 
(Chian distributor agency). Antibodies of Ac-His- 
tone H3, Ac-Histone H4 were from Millipore 
company. Other chemicals were from sigma-
aldrich if not specific indicated.

ALP activity measurement

On days 2, 7 and 14, the cultured cells of each 
treatment group were washed twice with PBS, 
and 0.25% trypsin was used to digest the cells, 
followed by the addition of 1 ml of culture me- 
dium to terminate the digestion. After centrifu-
gal washing, cell lysis solution was added, and 
ALP activity was assayed according to the kit 
manufacturer’s instructions. OD was measured 
with Synergy 2 multimode plate-reader (Biotek, 
Winooski, VT, USA) at a wavelength of 520 nm.
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the plate. Cell lysates were sonicated to let 
chromatin break approximately 500 bp size. 
Chromatin from 107 cells was incubated with  
1 μg antibody. Antibody-chromatin complex- 
es were pulled down with protein A agarose, 
and washed. Formaldehyde crosslinks were 
reversed. Antibodies used for ChIP were anti-
AC-H4, IgG control (normal goat IgG, Santa 
Cruz). One part of precipitated was used for 
Western blotting analysis. The other part was 
used by PCR confirmation of TCF1 promoter.

Serum Dkk-1 ELISA

Rat peripheral blood samples collected into 
anticoagulant-free tubes were centrifuged and 
stored at -70°C prior to testing. Using com- 
mercial ELISA kit to performed serum DKK-1 
quantification assays (R&D Systems), accord-
ing to manufacturer’s instruction. Briefly, 96- 
well Corning ELISA high binding ability plates 
were coated with the Dkk-1 monoclonal anti-
body supplied with the kit and incubated over-
night at 4°C. The reaction was blocked with 1% 
BSA. The biotinylated goat anti-human Dkk-1 
detection antibody was incubated for 2 h at 
37°C, followed by streptavidin-horseradish per-
oxidase for 20 min. Color development was ini-
tiated with 3,3, 5,5-tetramethylbenzidine and 

hydrogen peroxide followed by 1 M sulphuric 
acid to stop the reaction. The optical density 
was measured at 450 nm and referenced to 
570 nm on a Synergy 2 multimode platereader 
(Biotek, Winooski, VT, USA).

Ovariectomized rat model

Eighteen female rats were carried out ovaries 
excision under anesthesia status. Three 
months later, rats were administered SAHA 
(100 mg/kg), stilbestrol (50 mg/kg) or DMSO 
(equal volumn to SAHA) every other day for 2 
weeks. After the rats were sacrificed, bone for-
mation was assessed based on serum ALP 
level, bone marrow cell RUN2 expression level 
and histomorphometric staining analysis.

Statistical analysis

Results are showed in the form of mean with 
standard error (SEM). All the data were ana-
lyzed using PRISM software. One-way ANOVA 
was used to compare means of three or more 
samples. Specifically, in vitro and in vivo data 
were analyzed using the Mann-Whitney U test 
to determine the difference between means. P 
values of less than 0.05 were considered sta-
tistically significant.

Figure 1. SAHA enhances osteoblast differentiation and in-
duces H3 and H4 acetylation. ALP activity in of MC3T3-E1 cells 
was measured. Cells were treated with SAHA or DMSO respec-
tively (A). Alizarin red stain of MC3T3 sc4 cells in osteogenic 
medium for 26 days. DMSO and SAHA (10 nM) were added on 
day 4 and removed on day 7 of differentiation (B). MC3T3-E1 
cells were exposed to osteogenic medium for 4 days and then 
treated with DMSO or SAHA (10 nM) as shown. Western blots 
showing time-dependent induction of H3 and H4 acetylation 
(Ac) in the presence of SAHA (C).
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Results

SAHA promoted osteoblasts differentiation 
and induced global histone H3 and H4 acetyla-
tion

ALP activity represents osteoblasts differen- 
tiation ability, which was quantified by com- 
mercial ELISA kit. In this study, the measure-
ment of ALP activity in MC3T3 cells treated  
with SAHA or DMSO on days 2, 7 and 14 days, 
was employed to investigate the effect of os- 
teoblast differentiation ability. Compared to  
its control group, the osteoblasts treated with 
SAHA exhibited higher ALP activity than cells 
treated with DMSO, as of day 2, day 7 and day 
14 (Figure 1A).

To determine the mineralizing effects of SAHA 
on the differentiation induction of MC3T3 E1 
cells, we added SAHA (10 nM) or equal volume 
of DMSO to osteogenic cultures on days 4-7 of 
a 26-day period. Consistent with those pub-
lished results [12], SAHA enhances matrix cal-
cification of MC3T3 E1 cells (Figure 1B). Mean- 

while, we found that SAHA induced global his-
tones H3 and H4 hyperacetylation within 4 h 
(Figure 1C).

SAHA suppressed Dkk-1 expression was re-
lated with increased histones acetylation

Many reporters found serum Dkk-1 levels were 
significantly higher in osteoporotic patients and 
rat models than in control group, indicating the 
important role of Dkk-1 in osteoporosis devel-
opment. Dkk-1 acts as a blocker of canonical 
Wnt signaling pathway to inhibit bone forma-
tion. To assess if SAHA-induced histones hyper-
acetylation could decrease Dkk-1 expression, 
RT-PCR method was used. We found SAHA 
treated cells had less Dkk-1 transcription than 
DMSO treated cells (Figure 2A). Consequent- 
ly, SAHA activated WNT/beta-catenin path- 
way (Figure 2B). These finding may explain why 
SAHA induces MC3T3 cell differentiation and 
bone formation.

In the chromatin immunoprecipitation study, 
acetylated H4 was precipitated by the anti-H4 

Figure 2. SAHA suppressed Dkk-1 expression. RT-PCR method was used to show Dkk-1 transcription level in SAHA or 
DMSO treated cells (A). SAHA stimulated LRP6 phosphorylation activation, and increase beta-catenin acculumation 
with cytoplasm (B). MC3T3-E1 cells were differentiated in osteogenic medium for 4 days and treated with DMSO 
or SAHA (20 μm) for 4 h before the ChIP assay was performed with anti-acetylated H4 and IgG antibodies. Western 
blot from ChIP assay showing successful pulldown of acetylated H4 in the presence of SAHA (C). ChIP-PCR showing 
H4 acetylation of the TVF1 promoter with and without SAHA (D, n = 3, Data are normalized to input DNA). SAHA 
increased Wnt3a, Wnt5 and TCF1 protein expression (E).
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antibody from SAHA-treated and DMSO treated 
cells. The nonspecific IgG acts as control. 
Western blot analysis confirmed SAHA treated 
group has more acetylated H4 than control 
group, indicating that the anti-H4 antibody 
strictly and efficiently precipitates acetylated 
H4 protein (Figure 2C). We also explore the 
acetylation status of acetylated H4 on TCF1 
promoter region in the presence of SAHA or 
DMSO. Hyperacetylated H4 was detected on 
the TCF-1 promoter in SAHA treated cells and 
control cells. Results showed SAHA treated cell 
was 10-fold higher than DMSO treated cells 
(Figure 2D). Western blotting results also sug-
gested SAHA increase Wnt3a, Wnt5, and TCF1 
overexpression (Figure 2E).

SAHA decreased ovariectomized rat serum 
Dkk-1 level

A total of 18 rats were ovariectomized, and ran-
domly separated into SAHA treated group, 
osteoporosis drug treatment group and DMSO 
administrative group. The surgical excision of 
ovaries were referred to published study [13]. 
Regarding Dkk-1 as a potent inhibitor of bone 
formation, we monitored serum Dkk-1 level 
before and after ovary surgical removal, and 
the time of SAHA treatment. Three months 
later, SAHA and stilbestrol were administrated 
to rats by i.p. injection respectively, while con-
trol group was given DMSO. During the time, 
the body weight and serum Dkk-1 level were 
showed in Figure 3A and 3B. Dkk-1 monitoring 
is an important marker to evaluate osteoporo-

sis and bone health status. In the beginning of 
the ovariectom, Dkk-1 level did not change, but 
increased gradually within three months. After 
one week of SAHA and stilbestrol treatment, 
Dkk-1 level dropped slightly while saline group 
continued to increase. One month later, Dkk-1 
level in SAHA and stilbestrol groups were great-
ly lower than DMSO treatment group (**repre-
sent P<0.01).

SAHA induced ovariectomized rat bone forma-
tion and maturation

Tissue pathology inspection of femur bone was 
carried out after rats sacrifice. Femur bone sec-
tions showed cavities with obvious bone lost in 
DMSO treated group, indicating that the rat 
model of osteoporosis was established suc-
cessfully (Figure 4A). SAHA and stilbestrol 
treated groups showed less bone lost and more 
comprehensive microarchitecture compared 
with controls (Figure 4A). As a master factor of 
osteoblast differentiation, RUNX2 transcription 
factor expression level was quantified using 
RT-PCR method. mRNA was extract from bone 
marrow cells using commercial kit. Results 
showed SAHA or stilbestrol treated rats incease 
Runx2 expression (Figure 4B). SAHA also sig-
nificantly increased ALP activity compared to 
the control group (Figure 4C).

Discussion

HDIs (SAHA) promote terminal osteoblast dif-
ferentiation, bone maturation and extracellular 

Figure 3. SAHA decreases ovariectomized rat serum Dkk-1 level. In the beginning of the ovariectom, Dkk-1 level did 
not change, but increase gradually within three months (A). After one week of SAHA and stilbestrol treatment, Dkk-
1 level drop slightly while saline group continue to increase. One month later, Dkk-1 level in SAHA and stilbestrol 
groups were greatly lower than DMSO treatment group (A, **represent P<0.01). Weight change difference was not 
significant (B).
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matrix production in culture, which will help  
to prevent osteoporosis. Drug treatment by 
HDIs might enhance the ability of osteogenic 
differentiation and increase the number of 
osteoblasts.

In the study of Dkk-1 expression level, includ- 
ing mRNA and protein level (western blotting 
data not shown), we found SAHA-induced his-
tones hyperacetylation and decreased Dkk-1 
expression (Figure 2A). Consequently, reduced 
Dkk-1 activated Wnt/beta-catenin pathway due 
to the negative feedback regulation loop. We 
also showed that SAHA treated MC3T3 cells 
increased TCF1 promoter region histones acet-
ylation (Figure 2C). Histone hyperacetylation  
of gene promoter is usually related to gene 

upregulated expression [14]. In the present 
study, although global histone acetylation was 
observed, the Dkk-1 expression level surpris-
ingly decreased. We supposed that other Dkk- 
1 inhibitory factors might also increase ex- 
pression, and thus suppressed Dkk-1 expres-
sion finally. It is reported that SAHA could also 
promote Dkks feedback signal protein incre- 
ased expression [15], and thus Dkk-1 is also  
a target of the Wnt/beta-catenin/TCF path- 
way [16]. To test the hypothesis, we examined 
TCF1 gene promoter H4 acetylation status and 
expression level. CHIP-PCR and western blot-
ting results supports the hypothesis. These  
biological effects are exerted by activation of 
the Wnt/beta-catenin/TCF increased transcri- 
ption. Taken together, it finally decreases DKK- 

Figure 4. SAHA induces ovariectomized rat bone formation and maturation. Tissue pathology inspection of femur 
bone was carried out after rats sacrifice (A). RUNX2 transcription factor expression level was quantified using RT-
PCR method. mRNA was extract from bone marrow cells using commercial kit (B). SAHA also significantly increased 
ALP activity compared to the control group (C).
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1 expression, and subsequently promotes os- 
teoblast differentiation and bone maturation.

SAHA increased MC3T3 cells ALP activity in  
the culture, and activated WNT/beta-catenin 
pathway. These finding may explain why SAHA 
induces MC3T3 cell differentiation and bone 
formation in vitro. In the in vivo study, we eluci-
dated that SAHA induced ovariectomized rat 
bone formation and maturation. Firstly, we sh- 
owed femur bone sections of drug treatment  
to make sure that the success of ovariecto-
mized rat is the meaningful model. SAHA and 
stilbestrol treated groups showed less bone 
lost compared with control (Figure 4A). Runx2, 
a key transcription factor that binds several  
histone deacetylases (HDAC), benefits osteo-
blast osteogenesis and bone formation. Runx2 
has been demonstrated to up-regulate osteo-
blast-related genes such as ColIA1, ALP, BSP, 
BGLAP and OCN [17]. In the study, RUNX2  
transcription factor expression level was quan-
tified using RT-PCR method. mRNA was ex- 
tracted from bone marrow cells using com- 
mercial kit. Results showed SAHA or stilbes- 
trol treated rats inceased Runx2 expression 
(Figure 4B). SAHA also significantly increased 
ALP activity compared to the control group 
(Figure 4C). Our findings were consistent with 
the previous studies on HDIs, including TSA 
[18] and sodium butyrate [19].

Studies found serum Dkk-1 levels were signi- 
ficantly higher in osteoporotic patients and  
rat models than in control group [20, 21], indi-
cating the important role of Dkk-1 in osteopo- 
rosis development. Dkk-1 acts as a blocker of 
canonical Wnt signalling pathway to inhibit 
bone formation. When Dkk-1 binds to Kremen 
and LRP5, it undergoes internalization and th- 
erefore becomes unable to bind Wnt [22]. 
Finally it leads to degradation of beta-catenin 
and to inhibition of bone formation. To assess if 
the ovariectomized rat model fits the clinical 
observation, we examined the serum before 
and after the drug treatment. From the sec-
tions of femur, morphologically, SAHA caused 
less bone mass loss and at the same time 
maintain the bone microarchitecture. On the 
other hand, in agreement with previous studies 
of Dkk-1, Dkk-1 level did not change, but in- 
crease gradually within three months. However, 
Dkk-1 level in SAHA and stilbestrol groups were 
greatly lower than DMSO treatment group. This 

implies SAHA cured against osteoporosis via 
suppressed Dkk-1 expression. However, more 
studies were needed to further clarify the 
mechanism of this suppression effect of SAHA 
on Dkk-1.

In conclusion, SAHA, as one of the HDIs, 
reduced Dkk-1 expression and activated Wnt/
beta-catenin signal pathway, and promoted 
osteoblasts osteogenic differentiation, which 
consequently alleviated bone loss in ovariecto-
mized rat. Therefore, SAHA might be a potential 
promising agent for the prevention and therapy 
against osteoporosis.
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