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a b s t r a c t

Homeodomain gene Distal-less-3 (DLX3) plays an essential role in the development of bones. Mutations
of DLX3 are closely associated with Tricho-Dento-Osseous (TDO) syndrome featured with increased bone
formation. However, the mechanism regarding whether DLX3 regulates osteoclastogenesis remains
largely unknown. In this study, we firstly examined the expression of DLX3 mounting during osteoclastic
differentiation process, and then established stably expressing wild type DLX3 (WT-DLX3), a novel
mutant DLX3 (Q178R) found in our laboratory recently (MT-DLX3) and Dlx3 knockdown cell lines (Dlx3-
shRNA) in Raw 264.7 cells using corresponding lentiviruses. Next, we investigated the influence of DLX3
on these stable cells in the process of osteoclastogenesis. The results showed that the expression of
osteoclastogenesis-related genes as well as tartrate-resistant acid phosphatase-positive multinucleated
cells were lower in WT-DLX3 and MT-DLX3, but higher in Dlx3-shRNA compared with control cells.
Besides, the microRNA-124 expression was higher in WT-DLX3 and MT-DLX3 but lower in Dlx3-shRNA.
Moreover, the microRNA-124 expression level positively correlated with DLX3, negatively with osteo-
clastogenesis-related gene NFATc1. Our results indicate that DLX3 negatively regulates osteoclastic dif-
ferentiation through microRNA-124, which is partially responsible for the increased bone density in TDO
patient. DLX3 may be exploited for osteoclastogenesis regulator and potential therapeutic target of os-
teoporosis in future.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Homeodomain transcription factor distal-less homeobox family
genes are time- and site-specifically expressed and play important
roles during vertebrate development [1,2]. Distal-less homeodox3
(DLX3) mapped to 17q21.33, is a member of the distal-less verte-
brate family, which has important functions in the development
and differentiation of many tissues [2–6]. Inactivation of DLX3 in
mice leads to placental failure, suggesting DLX3 as an indis-
pensable role in placental development [7]. Previous studies have
shown that DLX3 is required for hair follicle differentiation and
cycling programs, for tooth morphogenesis, and for skeletal for-
mation and development [1,5,8,9]. In addition, DLX3 mutations are
considered to be responsible for a disease called Tricho-Dento-
Osseous syndrome (TDO; OMIM190320) in human being [10–14],
which is an inherited autosomal dominant disorder mainly char-
acterized by kinky hair, thin-pitted enamel (with remarkable at-
trition), dentin hypoplasia, and taurodontism as well as increased
ng),
thickness and density of cranial bones. Our previous studies have
reported a novel mutation of DLX3 (Q178R) was detected in a
Chinese TDO patient included in our hospital [15].

Concerning osteogenesis, DLX3 is expressed in different stages of
osteoblasts [16,17]. Overexpression of DLX3 in osteoblastic progeni-
tors promotes, while inhibition of DLX3 suppresses, osteogenic dif-
ferentiation [18,19]. Studies have strongly suggested the importance
of DLX3 in bone by directly regulation bone differentiation de-
terminants osteocalcin and RUNX2 [18,19]. Accrual bone mass and
density is observed in transgenic mice with DLX3 ablation in osteo-
genic lineage cells, suggesting that DLX3 has a negative effect on
osteogenesis [20]. While, increased density and thickness changes in
the cranial and long bones of TDO are on account of the uncoupling
of the increased deposition and abnormal resorption. Therefore, great
attention should be paid to DLX3 function on osteoclastogenesis.

According to previous studies, DLX3 was proved involved in
osteoclastogenesis based on the following reasons: Firstly, the al-
veolar bone appears to be resistant to bone resorption after tooth
extraction in TDO edentulous individuals [21]. Secondly, enhanced
dynamic bone formation rates are not observed in transgenic
mouse with mutant DLX3 (c.571_574delGGGG) overexpression.
And increased bone density and formation observed in this
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transgenic mice is accountable for deceased osteoclasts number
and activity, which is due to increased IFN-γ levels [22]. Thirdly, a
significant transcriptional inhibition of OPG is detected in trans-
genic mice carrying with conditional inactivated DLX3 in osteo-
genic lineage cells or mesenchymal cells [20]. However, the direct
influence of DLX3 on osteoclastogenesis process still remains in
sufficiently examined.

MicroRNAs (miRNAs) are small non-coding RNAs (∼22 nucleotides)
that regulates cellular processes, including proliferation, apoptosis, and
differentiation [23–25]. Most miRNAs are located in the introns of host
genes or out-side genes and produced from larger precursors upon
cleavage by RNA processing enzyme Dicer. miRNAs function as critical
post-transcriptional suppressive mediators by binding to the com-
plementary sequences in the 3′ untranslated region of target mRNAs
[26]. Previous reports have clearly demonstrated that miR-124 is en-
gaged in osteoclastogenesis by regulating NFATc1 expression. Over-
expression miR-124 results in NFATc1 expression inhibition, while
miR-124 knockdown leads to NFATc1 expression augment [27].

In this study, we, for the first time, directly introduced DLX3 into a
murine monocytic cell line Raw 264.7 to demonstrate the function of
DLX3 as a regulator in osteoclastogenesis through miR-124. Firstly,
DLX3 expression was examined during osteoclastic differentiation,
and then, stable overexpression of wild type DLX3 or mutant DLX3
(Q178R), and Dlx3 knockdown cell lines in Raw 264.7 were estab-
lished and used to explore osteoclastic differentiation change
caused by alteration of DLX3 expression. These results not only
reveal the unprecedented regulation of osteoblastic differentiation by
DLX3 through miR-124, but also suggest a novel explanation of TDO
clinical feature in skeletal homeostasis due to mutation of DLX3
(Q178R).
2. Materials and methods

2.1. Cell culture

Raw 264.7 cells were routinely cultured in Dulbecco's modified
Eagle's medium (DMEM) (Life Technologies Corporation, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum (FBS)
(Life Technologies Corporation), 2 mM glutamine, 100 units/ml
penicillin and 100 g/ml streptomycin. All the cells were cultured at
37 °C in a humidified atmosphere of 5% CO2 and 95% air.

2.2. Osteoclastic differentiation

Stably infected Raw 264.7 cells were cultured in containing
alpha minimum essential medium (Alpha-MEM, Life Technologies
Corporation, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS) (Life Technologies Corporation), penicillin-
streptomycin, L-glutamine, murine RANKL (100 ng/ml) (PeproTech,
Rocky Hill, NJ) and murine M-CSF (30 ng/ml) (PeproTech) to sti-
mulate osteoclast cells generation.

2.3. Generation of WT-DLX3, MT-DLX3 expression plasmids

Human full-length DLX3 cDNA was synthesized and subcloned
into pEGFP-C1 vector with Bgl II site (the plasmid named pEGFP-
WT-DLX3). The novel mutant DLX3 (Q178R)/(MT-DLX3) was gen-
erated from pEGFP-WT-DLX3 using single-site mutation kit (Pro-
mega, Madison, WI). The sequence of WT-DLX3, MT-DLX3 was
confirmed by DNA sequencing. Raw 264.7 cells transfected with
plasmids of pEGFP-WT-DLX3 or pEGFP-MT-DLX3 were named as
WT-DLX3 or MT-DLX3, respectively. Raw 264.7 cells transfected
with plasmids of pEGFP-C1 empty vector (named as EGFP-EV)
serves as control.
2.4. Transient transfection of WT-DLX3 or MT-DLX3 expression
plasmids and osteoclastic induction

Raw 264.7 cells were seeded at 1�105 cells/well into 6-well
plates and cultured in 2 mL DMEM supplemented with 10% FBS for
overnight. Then the cells were transfected with pEGFP-C1 empty
vector, pEGFP-WT-DLX3 or pEGFP-MT-DLX3 plasmids with Mirus
TransIT-X2s Dynamic Delivery System following the manufac-
turer's instruction. At 24 h post-transfection, the cells were har-
vested for real-time PCR to detect DLX3 mRNA expression. After
incubation in osteoclasto-induction medium for another 48 h.
Cells were harvested for real-time PCR to detect osteoclast-related
genes mRNA expression.

2.5. Generation of lentivirus carrying WT-DLX3, MT-DLX3, or shDlx3
expression cassette

For generation of WT-DLX3 or MT-DLX3 overexpression lenti-
virus, WT-DLX3 and MT-DLX3 gene were respectively subcloned into
pHBLV-CMVIE-ZsGreen-T2A-puro vector with EcoR I and BamH I,
then generated lentivirus carrying WT-DLX3 or MT-DLX3 expression
cassette. Lentiviruses containing green fluorescent (GFP) tag expres-
sion cassette only were used as control in the following experiment.
For generation of mouse Dlx3 knockdown lentivirus, three shRNAs
specific targeted to mouse Dlx3 were subcloned into pHBLV-U6-RFP-
T2A-Puro vector with BamH I and EcoR I, then generated lentiviruses
carrying shDlx3 expression cassette. Lentiviruses containing red
fluorescent protein (RFP) tag expression cassette only were used as
control in the following experiment. All these lentiviruses were
constructed by Hanheng Chem Technology (Shanghai, China).The
sequences of siRNAs of mouse Dlx3 used to construct shDlx3 are
listed in Appendix Table 1.

2.6. Establishment of stably infected cells

To establish stably overexpressing human wild type DLX3 and
novel mutant DLX3 (Q178R) in Raw 264.7 cells, lentiviruses
(multiplicity of infection¼100) mixed with 10 μg/ml polybrene
(Sigma-Aldrich, St. Louis, MO, USA) were used to infect into Raw
264.7 cells (1�103 cells/well in 6-well plates). Infected cells were
selected in the presence of 800 mg/ml G418 (Sigma) for 14 days.
Infected cells of each type were isolated separately and seeded in a
100-mm dish and cultured for 5 days to form independent co-
lonies. Colonies were isolated by stainless steel cloning rings. Four
independent clones were established in each expression vector.
Stably infected Raw 264.7 cells were analyzed by fluorescent mi-
croscope to determine green fluorescent protein (GFP)-positive
cells. The uninfected cells Raw 264.7 were used as a control. Raw
264.7 cells infected with WT-DLX3, MT-DLX3 recombinant lenti-
viruses or GFP control lentiviruses were defined as WT-DLX3, MT-
DLX3 or CON-GFP, respectively.

To establish stably knockdown mouse Dlx3 in Raw 264.7 cells,
Dlx3-shRNA1, Dlx3-shRNA2 and Dlx3-shRNA3 lentiviruses, as well
as empty vector lentiviruses, mixed with 10 μg/ml polybrene
(Sigma) were used to infect into Raw 264.7 cells. Infected cells
were selected in the presence of 800 mg/ml G418 (Sigma) for 14
days. Expression of Dlx3 from four groups was identified by real-
time PCR and western blot analysis. Dlx3-shRNA2 group showed
the most significant knockdown effect of Dlx3 in Raw 264.7 cells.
So, 300 infected cells of Dlx3-shRNA2 group were isolated sepa-
rately and seeded in a 100-mm dish and cultured for 5 days to
form independent colonies. Colonies were isolated by stainless
steel cloning rings. Four independent clones were established in
each expression vector. Stably infected Raw 264.7 cells were
analyzed by fluorescent microscope to determine red fluorescent
protein (RFP)-positive cells. Accordingly, Raw 264.7 cells infected
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with Dlx3-shRNA2 recombinant lentiviruses or empty lentiviral
vectors were defined as the Dlx3-shRNA and CON-RFP group
respectively.

2.7. Tartrate-resistant acid phosphatase (TRAP) staining

Raw 264.7 cells were seeded at a density of 1�103 cells/well of
24-well plates. Medium was replenished every 2 days for 10 days.
Cells were fixed with 3% formaldehyde and stained for tartrate
acid phosphatase (TRAP) (TRAP kit; Sigma) according to the
manufacturer's protocol. TRAP-positive cells with three or more
nuclei were counted as osteoclast-like cells under microscopic
examination.

2.8. Immunocytochemistry

Raw 264.7 cells were seeded on glass coverslips in 24 wells
plates. After culture for 48 h, cells were washed three times in PBS
and fixed with 4% paraformaldehyde in PBS for 15 min at room
temperature. A 10-min incubation in 0.5% Triton in PBS was used
to permeabilize the cells before blocking unspecific sites using 10%
bovine serum albumin in PBS for 20 min to suppress non-specific
binding of IgG. Primary antibodies DLX3 (Abcam, Cambridge, MA)
diluted in blocking solution were applied at 4 °C overnight. Sec-
ondary antibodies Alexa Fluors555-conjugated anti-rabbit IgG
(Cell Signaling Technology, Beverly, MA) diluted in blocking solu-
tion were applied for 1 h at room temperature. Nuclei were
stained using Hoechst 33242 (Invitrogen Life Technologies).
Fluorescent cells were recorded by an Olympus IX51 inverted
fluorescence microscope with DP70 digital camera (Olympus, To-
kyo, Japan).

2.9. Reverse-transcription PCR and real time-PCR analysis

Total RNA was isolated with TRIzols reagent (Invitrogen Life
Technologies, Grand Island, NY, USA) and 2 μg of RNA was reverse-
transcribed into cDNA using the Superscript first-strand synthesis
system (Invitrogen Life Technologies) according to manufacturer's
instruction. Reverse-transcription PCR (RT-PCR) were performed
as previous described [28]. The PCR amplified fragments were
separated on 1� TAE 2% agarose gel. PCR results were photo-
graphed by Fusion FX5 (Vilber Lourmat, France) after DNA elec-
trophoresis. Real-time PCR reactions were conducted in a 20-μl
reaction mixture (containing cDNA and SYBR green master mix)
using an ABI 7500 real-time PCR system (Life Technologies Cor-
poration). The mRNA expression relative to osteoclastogenesis was
normalized to murine glyceraldehyde phosphate dehydrogenase
(GAPDH) and calculated using the 2�ΔΔCt method. The sequences
of each primer are listed in Appendix Table 2.

2.10. Quantitative analysis of miRNA expression

Total RNA was isolated with TRIzol
s

reagent (Invitrogen Life
Technologies). 1 μg of RNA was reverse-transcribed into cDNA.
miRNA real-time PCR was performed by using the Bulge-loop™
miRNA qRT-PCR starter kit (Ribobio, Guangzhou, China) according
to the manufacturer's protocol. The miR-124 expression was nor-
malized to murine U6 snRNA and calculated using the 2�ΔΔCt

method.

2.11. Western blot analysis

Cells were harvested and lysed in RIPA buffer containing pro-
tease inhibitors. 30 μg of protein samples were subjected to 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane. After
blocking in 8% skim milk for 1 h, membranes were incubated with
antibodies against DLX3, NFATc1 (Abcam, Cambridge, MA) and
GAPDH (Proteintech, Chicago, IL) separately overnight at 4 °C fol-
lowed by 1 h-incubation with peroxidase-linked secondary anti-
bodies (1:10,000). Immunoreactive proteins were visualized on an
Odyssey infrared imaging system (Odyssey LI-COR Biosciences,
Lincoln, NE). Blots against GAPDH served as loading control.

2.12. Statistical analysis

All data was representative of each assay repeated in-
dependently at least three times with similar results. Statistical
significance was determined using the two-tailed Student's t-test,
assuming equal variances. The χ2 test was used to compare rates.
Correlation analysis was performed by the Pearson correlation
test. Significance is indicated as follows: *po0.05.
3. Results

3.1. Identification DLX3 expression in Raw 264.7 cells

Immunocytochemical analysis using DLX3 and Hoechst showed
that DLX3 was expressed and located in the nucleus, because they
were co-expressed in merged picture (Fig. 1A). After cultured un-
der RANKL induction for 0, 3 and 5 days, cells were harvested and
analyzed by reverse-transcription PCR (RT-PCR) and western blot.
RT-PCR data showed that DLX3 gene expression was gradually
increased in Raw 264.7 cells stimulated with RANKL, although its
expression level in Raw 264.7 cells was lower than that of C2C12
cells (served as positive control) (Fig. 1B). Western blot analysis
further confirmed the results (Fig. 1C).

3.2. Transient overexpression of WT-DLX3 and MT-DLX3 modulates
the expression of osteoclastogenesis-related genes in Raw 264.7 cells

Plasmids of pEFGP-C1, pEGFP-WT-DLX3 and pEGFP-MT-DLX3
are constructed and transfected into Raw 264.7 just as what we
described in Materials and Methods. At 24 h post-transfection, the
cells were harvested for real-time PCR to detect DLX3 mRNA ex-
pression. And the expression of DLX3 mRNA highly increased in
Raw 264.7 cells transfected with WT-DLX3 or MT-DLX3 compared
with control cells (EGFP-EV) (Fig. 2A). At 24 h post-transfection
followed 48 h osteoclastic induction, cells were harvested for real-
time PCR to detect osteoclast-related genes expression. Expression
of NFATc1, M-CSF and DC-STAMP mRNA appeared lowest in MT-
DLX3 and lower in WT-DLX3 compared with EGFP-EV cells
(Fig.2A).

3.3. Identification of stable overexpressing WT-DLX3 and MT-DLX3
cell lines

Stable overexpression cell populations of CON-GFP, WT-DLX3
and MT-DLX3 were generated just as what we described in Ma-
terials and Methods. Expression of DLX3 mRNA was substantial
(more than 500 folds) increased in Raw 264.7 cells stably in-
troduced WT-DLX3 or MT-DLX3 compared with control cells when
measured by real-time PCR analysis (Fig. 3A). DLX3 protein ex-
pression was markedly enhanced in WT-DLX3 or MT-DLX3 cells
compared with CON-GFP cells when performed by western blots
analysis (Fig. 3B). GFP expression was observed in almost all stably
infected Raw 264.7 cells by fluorescent microscopy (Fig. 3C). These
results showed that wild type DLX3 or mutant DLX3 was stably
overexpressed in Raw 264.7 cells. Three different clones of each
group were selected out to perform experiments, and one set of
experiments data were chosen to form the figure.



Fig. 1. Detection of DLX3 expression in Raw 264.7 cells. A. Immunocytochemical analysis of DLX3 expression in Raw 264.7 cells. Raw 264.7 cells were seed on glass
coverslips, cultured for 48 h, and fixed with 4% paraformaldehyde. Immunocytochemical staining was performed using DLX3 as primary antibodies and Alexa Fluor 555-
conjugated anti-rabbit IgG as secondary antibody (upper right). Hoechst 33242 was used to stain nuclei (lower left). Representative differential interference contrast (DIC)
image (upper left) and fluorescent images were photographed using inverted fluorescence microscope. Fluorescent images were merged with DIC image to acquire to
visualized cell shape (lower right). B. RT-PCR analysis of Dlx3 gene expression in Raw 264.7 cells. Dlx3 gene was detected in Raw 264.7 and expressed increasingly with
RANKL induction. And Dlx3 expression in C2C12 cells was used as control. Gapdh gene expression severed as normalization. C. Western blots analysis of DLX3 protein
expression in Raw 264.7 cells. DLX3 protein was detected in Raw 264.7 and expressed up with RANKL induction. GAPDH protein expression severed as normalization.
(RANKLþmeans the present of RANKL induction. Scale bars¼100 mm).
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3.4. Identification of stable knockdown Dlx3 cell lines

To obtain stable Raw 264.7 cell populations of mouse Dlx3
knockdown, we firstly used 3 shRNAs specific targeted to mouse Dlx3
to knockdown the Dlx3 in Raw 264.7. Expression of Dlx3 mRNA
(Fig. 4A) and DLX3 protein (Fig. 4B) was rapidly decreased in Raw
264.7 transfected with shRNA2. Then four clones of Raw 264.7 cells
harboring with shRNA2 were picked up to establish stable cell lines.
Analysis of real-time PCR (Fig.4C) and western blots (Fig. 4D) showed
that DLX3 expression was significantly reduced in the #1, #3 and #4
clones. So these three clones were chosen to perform experiments.
Because shRNA lentiviruses carrying RFP expression cassette, red
fluorescent was observed in almost all stably infected Raw 264.7 cells
by fluorescent microscopy (Fig. 4E). These results showed that stable
Dlx3 knockdown in Raw 264.7 was established.

3.5. Stable expression of WT-DLX3 and MT-DLX3 inhibits osteoclastic
differentiation in Raw 264.7 through increasing miR-124 expression
intrinsically

To directly address the role of DLX3 during osteoclastogenesis,
100 ng/ml RANKL and 30 ng/ml M-CSF was added into stably
infected cells to stimulate osteoclast differentiation. After 3 days in-
cubation, protein were harvested and analyzed by western blot and
real-time PCR assays. NFATc1 protein expression was markedly de-
creased in WT-DLX3 or MT-DLX3 cells compared with CON-GFP cells
(Fig. 5A). NFATc1 expression of MT-DLX3 cells showed lower than
that of WT-DLX3 (Fig. 5A). Real-time PCR analyses revealed that the
expression of NFATc1, M-CSF and DC-STAMP genes was significantly
reduced at the presence of WT-DLX3 or MT-DLX3 after RANKL-sti-
mulation for 3 days compared with that of CON-GFP (Fig. 5B).The
expression of the three genes was more significantly suppressed in
the MT-DLX3 cells compared with WT-DLX3 cells (Fig. 5B). The
quantitative analysis of miR-124 expression by real-time PCR showed
that miR-124 expression was significantly increased in WT-DLX3 and
MT-DLX3 cells. The miR-124 expression in MT-DLX3 cells was even
higher than that of WT-DLX3 cells (Fig. 5C). After 10 days incubation
in osteoclasto-induction medium, TRAP staining was performed.
Only the TRAP-positive cells containing no less than three nuclei
were counted as osteoclast-like cells. Less number of TRAP-positive
multinucleated cells was observed in WT-DLX3 or MT-DLX3 cells
compared with CON-GFP cells in dependent clones (Fig. 5D and E).
And the least number of TRAP-positive multinucleated cells appeared
in the group of MT-DLX3 (Fig. 5D and E).



Fig. 2. The effects of WT-DLX3 and MT-DLX3 transient overexpression in osteoclastic differentiation. A. Raw 264.7 cells were transiently transfected with plasmids of pEGFP-
C1, pEGFP-WT-DLX3 and pEGFP-MT-DLX3 (named as EGFP-EV, WT-DLX3 and MT-DLX3). DLX3 mRNA expression was determined by real-time PCR after 24 h transfection.
Osteoclastogenesis-related genes mRNA expression was examined by real-time PCR after incubating with 100 ng/ml RANKL and 30 ng/ml M-CSF for 48 h. (mean7SD of
3 independent experiments; *po0.05).
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3.6. Stable knockdown of murine Dlx3 promotes osteoclastic differ-
entiation in Raw 264.7 through decreasing miR-124 expression
intrinsically

Since we had explored the functional role of overexpression
DLX3 in Raw 264.7, stable knockdown Dlx3 cells by Dlx3 shRNA
were established to reversely authenticate the role of DLX3 during
osteoclastogenesis. As described in the overexpression experi-
ments, 100 ng/ml RANKL and 30 ng/ml M-CSF was added into
stably infected cells to stimulate osteoclastic differentiation. After
3 days incubation, protein were harvested and analyzed by wes-
tern blot. NFATc1 protein expression was significantly enhanced in
Dlx3-shRNA cells compared with CON-RFP cells (Fig. 6A). Real-
time PCR analyses revealed that expression of NFATc1, M-CSF and
DC-STAMP genes was highly increased in the absence of Dlx3 after
RANKL-stimulation for 3 days (Fig. 6B). The quantitative analysis of
miR-124 expression by real-time PCR showed that miR-124 ex-
pression was remarkably decreased in Dlx3 knockdown cells
(Dlx3-shRNA) (Fig. 6C). After 10 days osteoclastic stimulation,
TRPA staining was performed. The number of TRAP-positive mul-
tinucleated cells was almost doubled in Dlx3 knockdown cells
(Dlx3-shRNA) (Fig. 6D and E). Moreover, Correlation analysis re-
vealed that there were solid positive correlation between DLX3
and miR-124 (r¼0.9874, p¼0.0002), negative correlation between
miR-124 and NFATc1 (r¼�0.9942, p¼0.0001), and between DLX3
and NFATc1 (r¼�0.9682, p¼0.0015) mRNA expression in WT-
DLX3 and Dlx3-shRNA (Fig. 7A). And the relationship among DLX3,
miR-124, and NFATc1 in osteoclastogenesis was shown in the
scheme (Fig. 7B). DLX3 negatively regulates osteoclastic differ-
entiation by increasing miR-124 expression, which suppresses
NFATc1 expression.

4. Discussion

Bone is a highly dynamic tissue that undergoes continuous
remodeling controlled by the balance between bone formation
and bone resorption. Same as reported investigations, the novel
DLX3 mutation (Q178R) in a Chinese TDO patient included in our
hospital [15] also showed significant higher thickness, density and
BMD value of cranial bone in radiographic images and bone mi-
neral density (BMD) measurement. Given that these clinical
characteristics of TDO patients, we wonder whether excessive
bone formation by osteoblasts or attenuated bone resorption by
osteoclasts contributes to such a bone homeostasis disorder syn-
drome. Therefore, we focused on the role of DLX3 participated in
the process of osteoclastogenesis.

Osteoclastogenesis is a multi-step process from monocytes to
osteoclasts, in which many genes are involved in this process. At
precursor stage, macrophage colony-stimulating factor (M-CSF)
binds to its receptor to activate survival, proliferation and cytos-
keletal reorganization of osteoclast precursor cells. Activator of
nuclear factor-κB ligand (RANK) is induced by M-CSF in this stage
and bound to its reporter, receptor activator of nuclear factor-κB
ligand (RANKL), to enter into a second stage [29,30]. In this stage,
nuclear factor-κB (NF-κB) signaling pathway (canonical or non-
canonical signaling pathway) is activated to initiate the production
of nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1),
which is considered as a master transcription regulator re-
sponsible for osteoclast differentiation [31,32]. NFATc1 works to-
gether with other transcription factors to induce various osteo-
clast-specific genes, such as dendritic cell–specific transmembrane
protein (DC-STAMP) and cathepsin K [33]. DC-STAMP, a seven-pass
transmembrane protein expressed on the cell surface, is an es-
sential role of osteoclast and macrophage cell fusion and osteoclast
multinucleation in the osteoclastogenesis signaling cascade
[34,35].

Previous study showed that RT-PCR analysis of mouse bone
marrow cell-derived osteoclast cultures demonstrated that Dlx1
and Dlx2 expression increased during osteoclastogenesis process
in vitro [36]. Dlx5 and Dlx6 expression was up-regulated in un-
differentiated Raw 264.7 cells but down-regulated in Raw 264.7
osteoclasts by hepatocyte growth factor gene [37]. In this study,



Fig. 3. Overexpression of DLX3 in stably infected Raw 264.7. We have established stable CON-GFP, WT-DLX3 and MT-DLX3 overexpression Raw 264.7 cells as described in
Materials and Methods. DLX3 mRNA (A) and DLX3 protein overexpression (B) was examined by real-time PCR and western blot analysis. DLX3 expression was higher
enhanced in WT-DLX3 and MT-DLX3 compared with CON-GFP. C. Panels showing GFP expression in stably infected Raw 264.7 cells. DIC images were acquired to visualize
cell shape (a, c, and e). Images of EGFP expression (b, d, and f) were photographed by fluorescent microscope. (mean7SD of 3 independent experiments; *po0.05; Scale
bars¼100 mm).
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we firstly investigated expression of DLX3 in Raw 264.7 cells. DLX3
expression was increased with the time of RANKL induction,
suggesting DLX3 was essential for osteoclast differentiation. Fol-
lowing this finding, we then investigated the role of DLX3 in os-
teoclastogenesis through transient transfection. Real-time PCR
analysis reveals that expression of M-CSF, NFATc1, and DC-STAMP
were more suppressed by WT-DLX3 and the most suppressed by
MT-DLX3 compared with control, suggesting that there exists a
relationship between DLX3 and osteoclastogenesis and that the
function of DLX3 was altered by mutation. Therefore, stably
overexpressing WT-DLX3 or MT-DLX3, and stably knockdown Dlx3
cell lines are established and confirmed the results. Consistent



Fig. 4. Knockdown of Dlx3 in stably infected Raw264.7. We have established stable CON-RFP and Dlx3-shRNA knockdown in Raw 264.7 cells as described in Materials and
Methods. Dlx3 mRNA knockdown (A and C) and DLX3 protein (B and D) was examined by real-time PCR and western blot analysis. DLX3 was significantly decreased in Dlx3-
shRNA compared with CON-RFP. C. Panels showing RFP expression in stably infected Raw 264.7 cells. DIC images were acquired to visualize cell shape (a and b). Images of
RFP expression (c and d) was photographed by fluorescent microscope. (mean7SD of 3 independent experiments; *po0.05; Scale bars¼100 mm).
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with the transient transfection results, the data from stable cell
lines demonstrated that decreased expression of M-CSF, NFATc1,
and DC-STAMP and less number of TRAP-positive osteoclasts were
detected in WT-DLX3 and MT-DLX3 overexpression cells, but op-
posite results were obtained in Dlx3 knockdown cells. Moreover,
the miR-124 expression was increased in WT-DLX3 or MT-DLX3,
but decreased in Dlx3-shRNA. Correlation analysis demonstrated
that the microRNA-124 expression level positively correlated with
DLX3, negatively with osteoclastogenesis-related gene NFATc1.
Previous study have clearly shown that miR-124 suppress NFATc1
by directly targeting its 3′ untranslated region [27]. Therefore, it
could deduce that NFATc1 expression was suppressed by miR-124
expression intrinsical increase in WT-DLX3 or MT-DLX3 cells.
while, NFATc1 expression was augmented by miR-124 expression
intrinsical decrease in Dlx3 knockdown cells. This phenomenon
implies that excess DLX3 inhibits, whereas inactivation DLX3
promotes, osteoclastic differentiation through positively or nega-
tively intrinsically regulating miR-124 expression, respectively.

Regarding to functional alteration caused by DLX3 mutation,
DLX3 structure, as a pivotal factor, should be considered primarily.
As a transcriptional activator, DLX3 was comprised of a DNA-
binding homeodomain and two subdomains separated at each site
of homeodomain [4]. Abnormal clinical features of TDO patients
and bioinformatics analysis indicate that mutations in home-
odomain or its neighboring residues affect protein function. Mu-
tant DLX3 (571-574delGGGG) exhibits a dominant-negative effect
on wild type DLX3 on osteogenesis [38]. In this study, we focus on
the novel DLX3 mutation (Q178R) found in our hospital, which is
the reason responsible for the increased bone density in this TDO
patient [15]. Osteoclastic induction experiments show that this
mutant DLX3 enhances the inhibition to osteoclastogenesis, be-
cause the lower expression of M-CSF, NFATc1, and DC-STAMP,
higher expression of miR-124, and the less number of TRAP-po-
sitive osteoclasts are observed in MT-DLX3 stable overexpression
cell lines compared with those of WT-DLX3 or CON-GFP. Collec-
tively, the increased bone density in this TDO patient is partially
due to the attenuated bone resorption activity of osteoclasts
caused by this DLX3 mutation. However, based on our results here,
we could not make the straightforward decision whether mutant
DLX3 (Q178R) was a gain function or loss function on osteoclas-
togenesis. What we could conclude is that this DLX3 mutation
(Q178) had a stronger suppression on osteoclastogenesis when
compared with normal function of wild type DLX3. Moreover,
previous studies show that DLX3 could be directly phosphorylated
by protein kinase A or protein kinase C in osteoblastic differ-
entiation and keratinocyte differentiation [39, 40]. The underlying



Fig. 5. The effects of WT-DLX3 and MT-DLX3 overexpression in osteoclastic differentiation. Stabled cells were incubated with 100 ng/ml RANKL and 30 ng/ml M-CSF for
3 days. A. Western blot analysis was performed to examine the expression of NFATc1. GAPDH served as loading control. B. Osteoclastogenesis-related genes mRNA expression
was determined by real-time PCR, which was normalized by GAPDH gene. C. The relative expression of miR-124/U6 (internal control) in WT-DLX3, MT-DLX3 and CON-GFP. E.
Stabled cells were incubated with 100 ng/ml RANKL and 30 ng/ml M-CSF for 10 days. TRAP staining was performed to identify osteoclasts. Images of #1 and #2 are the
representative of independent clones. D. The number of TRAP-positive multinuclear cells in (E) was counted. (mean7SD of 3 independent experiments; *po0.05; Scale
bars¼50 mm).
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mechanism needs further investigation on mutant DLX3 tran-
scriptional activity change, post-transcriptional modification and
the three-dimensional structure.
Vertebrate development is orchestrated by hundreds of tran-
scription factors. Gene expression is regulated by the cooperative
binding and interaction of transcription factors to DNA motifs [41].



Fig. 6. The effect of Dlx3 knockdown in osteoclastic differentiation. Stabled cells were incubated with 100 ng/ml RANKL and 30 ng/ml M-CSF for 3 days. A. Western blot
analysis was performed to examine the expression of NFATc1. GAPDH served as loading control. B. Osteoclastogenesis-related genes mRNA expression was determined by
real-time PCR, which was normalized by GAPDH gene. C. The relative expression of miR-124/U6 (internal control) in Dlx3-shRNA and CON-RFP cells. E. Stabled cells were
incubated with 100 ng/ml RANKL and 30 ng/ml M-CSF for 10 days. TRAP staining was performed to identify osteoclasts. Images of #1, #3 and #4 are the representative of
independent clones. D. The number of TRAP-positive multinuclear cells in (D) was counted. (mean7SD of 3 independent experiments; *po0.05; Scale bars¼50 mm.).
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Fig. 7. Relationship of DLX3, miR-124 and NFATc1 in osteoclastogenesis. A. Correlation analysis among DLX3, miR-124 and NFATc1. The mRNA expression levels of DLX3
correlated positively with those of miR-124 in WT-DLX3 and Dlx3-shRNA cells (a), negatively between miR-124 and NFATc1 (b), and negatively between DLX3 and NFATc1
(c). r, correlation coefficient. p, stastical significance. B. Proposed model showing the relationship among DLX3, miR-124 and NFATc1.
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The spatial and temporal expression of Dlx and Msx protein were
overlapped and counteracted each other during limb and cranio-
facial development [42,43]. DLX3, joined with DLX5 and MSX2,
regulates the expression of osteocalcin and RUNX2 in osteoblastic
differentiation [18,19]. The coordination action of DLX3 with DLX5
is important to maintain bone homeostasis for their role in
keeping balance of RANKL/OPG ratio [20,44]. Nevertheless, these
crosstalk might also have an effect on osteoclastogenesis which
might give a new view for future study.

Herein, for the first time, we report that DLX3 is involved in the
process of osteoclastic differentiation through miR-124. Over-
expression DLX3 promotes miR-124 expression and then sup-
presses osteoclastogenesis, while knockdown of DLX3 inhibits
miR-124 expression and then encourages osteoclastogenesis. Fur-
ther investigation into the function of mutant DLX3 (Q178R) in
osteoclastogenesis provides a new theory to explain the clinical
features of TDO patients. Understanding the role of DLX3 in bone
metabolism opens the possibility that DLX3 represents novel
therapeutic opportunities based on targeting of transcription
factors in bone metabolic disorders, such as osteoporosis.
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