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Abstract. Distal-less genes (DLX) play important roles in
regulating organism development. DLX?2 is crucial for the
differentiation and development of the primordium, which
determines the subsequent development and phenotype of the
maxillofacial skeletal patterns, and is the primary candidate
gene that regulates the development of the first branchial arch.
The aim of the present study was to investigate the effects
of DLX2 overexpression on the osteogenic differentiation
of MC3T3-El cells in vitro. A DLX2-expression retrovirus
vector was constructed by subcloning with a murine stem cell
virus (MSCV) and verified by sequencing. MC3T3-El cells
were transfected with pMSCV-DLX2 and stable clones were
selected with puromycin. The mRNA and protein expres-
sion levels of DLX?2 were determined using quantitative
polymerase chain reaction (PCR) and western blot analysis,
respectively. In addition, the expression levels of the osteo-
genic biomarkers, alkaline phosphatase (ALP), osteocalcin
(OCN), runt-related transcription factor (RUNX)2 and Msh
homeobox (MSX)2, were assessed by quantitative PCR. ALP
detection and Alizarin red staining were conducted to evaluate
the effect of DLX?2 overexpression on osteogenic differentia-
tion. The data were analyzed by analysis of variance using the
Student-Newman-Keuls method. Successful pMSCV-DLX?2
construction, as verified by direct sequencing, enabled DLX2
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overexpression in vitro. Enhanced ALP activity and Alizarin
red staining were observed in the MC3T3-E1-DLX2 cells when
compared with the control group. During osteogenic induction,
DLX2 overexpression was demonstrated to upregulate ALP
and MSX2 expression at the early stage and OCN expression
at the late stage, while no statistically significant difference
was observed in RUNX2 expression when compared with
the control group. Therefore, DLX?2 overexpression in vitro
induced the osteogenic differentiation of MC3T3-El cells via
upregulating bone formation-associated genes, such as ALP
and MSX2.

Introduction

Distal-less genes (DLX) are divergent homeobox genes of
the Hox gene family, including DLX1-6, which play impor-
tant roles in regulating organism development (1,2). DLX?2
overexpression occurs in the middle area of the first branchial
arch, namely the maxillary process, between days 9.5 and
10.5 of mouse embryo development. This overexpression is
crucial to the differentiation and development of the primor-
dium, as demonstrated by experimental embryology, since
it determines the subsequent development and phenotype of
the maxillofacial skeletal patterns (3). Thereafter, DLX2 is
the primary candidate gene that regulates the development of
the first branchial arch (4). Craniofacial bone defects, cranial
parietal bone ossification delay and cortical bone dysplasia
in long bones have been observed in DLX?2 knockout mouse
models (5,6), indicating that the main function of DLX2 is to
regulate the proper migration of ectomesenchymal cells and
the normal osteogenic differentiation of preosteoblast cells.
However, the function of DLX2 in regulating osteoblast differ-
entiation and the underlying molecular mechanism remain
controversial (7-9).

Therefore, the aim of the present study was to investigate
the effect of DLX2 on osteogenic differentiation, and the
possible underlying molecular mechanism, through in vitro
transfection of a murine stem cell virus containing DLX?2
(pMSCV-DLX?2) into the preosteoblast cell line, MC3T3-EI.

Materials and methods

Materials. An MC3T3-El cell line was purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai,
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China). Fetal calf serum (FCS) was obtained from the
Beyotime Institute of Biotechnology (Haimen, China) and
o-Mimimal Essential Medium (MEM) was purchased from
Gibco Life Technologies (Carlsbad, CA, USA). a-MEM osteo-
genesis induction culture medium (a-MEM plus 1.0x10"mol/1
dexamethasone, 2.5x10* mol/l vitamin C and 1.0x10mol/1
B-sodium glycerophosphate) and g-nitrophenylphosphate
(PNPP) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). A 3180P INC Heraeus Hera Cell CO, incubator was
obtained from Heraeus Holding GmbH (Hanau, Germany)
and a Leica DM IRB inverted phase contrast microscope
was purchased from Leica Microsystems GmbH (Wetzlar,
Germany). The Z2 Cell Counter was purchased from Beckman
Coulter (Brea, CA, USA). A Prime Script™ RT Reagent Kit
and SYBR Premix Ex Taq™ were purchased from Takara
Biotechnology Co., Ltd. (Dalian, China). CAGGS/DLX2 was
obtained from Dr Rubenstein (University of California, San
Francisco, CA, USA).

Establishment of pMSCV-puro-DLX?2. Restriction enzyme iden-
tification with Xhol and EcoRI (Takara Biotechnology Co.,Ltd.)
was applied to pCAGGS/DLX2 and pMSCV-puro
(GeneCopoeia, Rockville, MD, USA), respectively. The target
fragments were collected through gel extraction according
to the manufacturer's instructions (QIAquick Gel extraction
kit, Qiagen, Hilden, Germany) and stored at 4°C overnight.
pMSCV-puro and DLX?2 were subsequently combined by T4
ligase (Takara Biotechnology Co. Ltd.) at 16°C overnight and
sequenced.

293FT viral packaging. Transfection was performed when the
cell density of the 293FT cell line reached 80-90%. The 293FT
cell line was used to construct the retrovirus. Vesicular stoma-
titis virus glycoprotein (10 p#g), GAG-pol (15 ug) and pMSCV
(15 ug) were prepared for the retroviral packaging system. At
4-6 h after transfection, the culture medium in the T75 flask
was replaced with 10 ml o-MEM containing 10% FCS, after
which the virus was collected. This was done by collecting the
pseudovirus-containing medium from the 293FT cell culture
into sterile capped tubes for 48 h post-transfection. The tubes
were then centrifuged at 550 x g for 10 min to remove cell
debris and the supernatant was filtered through 45 ym poly-
ethersulfone low protein-binding filters. The virus pellet was
resuspended in phosphate-buffered saline (PBS) and stored at
4°C.

MC3T3-EI transfection. The virus used for transfection was
determined through dosage titration at 1:1, 10:1, 100:1 and
1,000:1. Polybrene (1/1,000; Sigma-Aldrich) was added to the
medium, after which the plate was centrifuged for 3 min at
300 x g at 37°C. The culture medium was replaced 24 h after
transfection. Following incubation in the culture medium for
48 h, 3 ug/ml puromycin was applied for growth selection. The
cells that survived the selection were collected and passaged.
Controls included pMSCV (dosage titration at 1:1, 10:1 and
100:1).

DLX?2 expression detection with quantitative polymerase
chain reaction (PCR) and western blot analysis. At 72 h after
puromycin selection, the total RNA was extracted for quantita-
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tive PCR. This was performed using the SYBR Green system
(Takara Bio, Inc, Shiga, Japan) with a total volume of 20 ul in a
96-well microwell plate. The reaction consisted of 10 ul SYBR
Premix Ex Taq (Takara Biotechnology Co. Ltd.), 0.8 pl mixed
primers, 1 ul cDNA template and 8.2 ul RNase-free distilled
water. The PCR program was set at 95°C for 4 min followed
by 40 cycles at 95°C for 20 sec, 60 °C for 15 sec and 72 °C for
20 sec. The threshold cycle values were calculated using the
iQ5 software (Bio-Rad, Hercules, CA, USA). All the primers
used in the experiments are shown in Table I. The analysis
of the data was based on calculating the relative expression
levels of these genes compared to the expression of the control
(glyceraldehyde 3-phosphate dehydrogenase, a housekeeping
gene).

Cells were collected, washed 3 times with pre ice-cold PBS
and lysed in SDS-lysis buffer containing protease inhibitors
(Roche Diagnostics GmbH, Mannheim, Germany) for 20 min
on ice. The lysates were centrifuged at 12,000 x g at 4°C for
30 min and the supernatants were boiled in sodium dodecyl
sulfate sample buffer containing 0.5 M of mercaptoethanol.
The samples were then separated on a 10% sodium dodecyl
sulfate polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane using a semi-dry transfer apparatus (Bio-
Rad, Hercules, CA, USA). The membrane was blocked with
5% milk for 1 h and then incubated with primary antibodies
in modified D-PBS tween-20 buffer overnight. The primary
antibodies were anti-DLX?2 (1:800; Abcam, Cambridge, UK)
and PB-actin (1:1,000; Sigma-Aldrich). Following the primary
antibody incubation, they were incubated with horse-radish
peroxidase-conjugated secondary antibodies, including goat
anti-rabbit and goat anti-mouse IgG (1:5,000; Beyotime
Institute of Biotechnology, Haimen, China). The protein bands
were visualised using an enhanced chemilluminescent western
blot analysis kit (Pierce Biotechnology, Inc., Rockford, IL,
USA).

Detection of DLX?2 expression in the stable cell line following
transfection. Following transfection and selection, the stable
cell line was seeded into a six-well plate at a cell density of
1.5x10%cm?. a-MEM osteogenesis induction culture medium
was added to the wells and the cells were cultured in conditions
of 5% CO, at 37°C. Cells were collected and protein samples
were obtained on days 1,4, 7 and 14 for western blot analysis.

Analysis of effect of DLX2 overexpression on osteogenesis-asso-
ciated genes via quantitative PCR. Stable cell lines, following
transfection and selection, were seeded into a six-well plate at a
cell density of 1.5x10%*/cm?. The wells contained a-MEM osteo-
genesis induction culture medium and the cells were cultured
in 5% CO, at 37°C. Cells were collected and the total RNA
was extracted on days 1, 4, 7 and 14 for quantitative PCR. The
primers used for the PCR assays of ALP, osteocalcin (OCN),
runt-related transcription factor (RUNX)2 and MSX?2 are
included in Table I.

ALP activity detection. Stable cell lines, following transfection
and selection, were seeded into a 24-well plate at a cell density
of 1.5x10*/cm?. a-MEM osteogenesis induction culture medium
was added to the wells and the cells were cultured in 5% CO,
at 37°C. ALP activity detection was performed on days 4,
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Table I. Primers for used for quantitative polymerase chain reaction.

Gene Forward sequence Reverse sequence

DLX2 5'-CATGGGCTCCTACCAGTACCAC-3' 5'-TCGGATTTCAGGCTCAAGGTC-3'
GAPDH 5'-GGTGAAGGTCGGTGTGAACG-3' 5'-CTCGCTCCTGGAAGATGGTG-3'
ALP 5'-TGGGCATTGTGACTACCACTCGG-3' 5'-CCTCTGGTGGCATCTCGTTATCC-3'
OCN 5'-GGACCATCTTTCTGCTCACTCTG-3' 5'-GTTCACTACCTTATTGCCCTCCTG-3'
RUNX2 5-AACTTCCTGTGCTCCGTGCTG-3' 5-TCGTTGAACCTGGCTACTTGG-3'
MSX2 5'-GGAGCACCGTGGATACAGGA-3' 5'-AGGCTAGAAGCTGGGATGTGG-3'

DLX, distal-less gene; ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt-related transcription factor; MSX, Msh homeobox.

pMSCV-DIx2

pMSCV

Blank

<« DIx2

Figure 1. Analysis of DLX2 mRNA expression levels in the MC3T3-EI cell
line using quantitative polymerase chain reaction. DLX, distal-less gene;
MSCYV, murine stem cell virus. GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase.

Blank pMSCV pMSCV -DIx2

Figure 2. Analysis of DLX2 protein expression levels in the MC3T3-E1 cell
line using western blot analysis. DLX, distal-less gene; MSCV, murine stem
cell virus.

7 and 14 using PNPP. The cells were washed with PBS and
lysed with ALP buffer containing 0.2% Triton X-100, 42.74 mg
MgCl,-6H,0, 20 ul1 HCI (10 mol/l), 19.4 ml diethylamine and
40 mg sodium azide dissolved in 200 ml distilled water. After
4 h in the incubator at 37°C, 190 ul supernatant was collected
and added to a 96-well plate containing 190 ul substrate
buffer per well. The optical density (OD) value was measured
at 405 nm following incubation for 30 min at 37°C. A 10-ul
sample of the supernatant was added to 200 ul protein analysis
buffer and the OD value at 630 nm was detected after 5 min.
The intracellular protein content was determined using a Micro
BCA protein assay kit (Thermo Fisher Scientific, Waltham,
MA, USA) and applied for the standard curve. The alkaline
phosphatase activity was determined by measuring the optical
density values for absorbance at 405 nm after incubation with
p-nitrophenyl phosphate for 30 min at 37°C (Sigma-Aldrich).

Alizarin red staining. Alizarin red staining was used in a
biochemical assay to determine, quantitatively by colorimetry,

the presence of calcific deposition by cells of an osteogenetic
lineage. Following transfection and selection, the stable
cell lines were seeded into a six-well plate at a cell density
of 1.5x10*cm? with a-MEM osteogenesis induction culture
medium. The cells were cultured in conditions of 5% CO, at
37°C. Alizarin red staining (Sigma-Aldrich) was performed
on days 3, 21 and 27, however, the stain was not that notable
amongst the blank, pMSCV and pMSCV-DIx2 groups. Each
group was scanned for detection by a Canon LiDE 110 scanner
(Canon, Beijing, China) following the staining.

Statistical analysis. Data were analyzed by analysis of vari-
ance using the Student-Newman-Keuls method. Statistical
analysis was performed using SAS 6.04 software package
(SAS Institute, Cary, NC, USA), where P<0.05 was considered
to indicate a statistically significant difference.

Results

DLX2 expression in the stably transfected cell line. At 72 h
after puromycin selection, mRNA expression of DLX?2 was
observed in the pMSCV-DLX?2 group, but not in the pMSCV
or non-transfection groups (Fig. 1). As shown in the western
blot analysis, a 33-kDa band presented in the pMSCV-DLX?2
group; however, this band was not observed in the pMSCV or
non-transfection groups (Fig. 2). These observations indicated
that the transfection was successful and expression of DLX?2
had been induced.

DLX?2 expressioninthe stable clones selected with osteogenesis
induction. On day 1 following osteogenesis induction, DLX?2
expression was detected in the pMSCV-DLX?2 group, which
was shown to remain stable until day 14 post-transfection.
Increasing endogenic DLX?2 expression was observed in the
pMSCYV group (Fig. 3).

Effect of DLX2 overexpression on the expression levels
of osteogenesis-associated genes. Expression levels of
osteogenesis-associated genes are shown in Fig. 4. The rela-
tive expression levels were calculated, as compared with the
control group on day 1, and are outlined in Table II. Statistically
significant differences between the control and experimental
cells were observed in the expression of ALP (P<0.01), OCN
(P<0.05, on day 14) and MSX2 (P<0.01), but not in the expres-
sion of RUNX2 (P>0.05).
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Figure 3. Western blot analysis showing DLX2 protein expression levels following osteogenic induction in pMSCV-DLX2 stably transfected cells. DLX,

distal-less gene; MSCV, murine stem cell virus; D, day.
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Figure 4. Quantitative polymerase chain reaction analysis showing the relative mRNA expression levels of the bone formation-associated genes, ALP, OCN,
RUNX?2 and MSX2. Values were normalized against the mRNA expression level of the control group on day 1. "P<0.05, pMSCV-DLX2 group vs. pMSCV
group (n=3). DLX, distal-less gene; ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt-related transcription factor; MSX, Msh homeobox; MSCV,

murine stem cell virus.

ALP activity. Higher ALP activity levels were observed on
days 4, 7 and 14 after osteogenesis induction in the trans-
fection group (pMSCV-DLX?2), and statistically significant
differences were observed when compared with the control
group (P<0.01). The highest activity was observed on day 14,
as shown in Fig. 5. The ALP activity levels are listed in
Table III.

Alizarin red staining. Positive results from the Alizarin red
staining were observed on day 21 following osteogenesis
induction, as shown in Fig. 6. The results for staining at day
27 were almost the same to those on day 21 and are therefore
not discussed. In the DLX?2 transfection group, the alizarin
red staining was used to show the calcium nodule which indi-

cated that DLX2 promoted the osteogenic differentiation of
MC3T3-El1 cells.

Discussion

DLX are divergent homeobox genes that are part of the Hox
gene family, which are involved in the regulation of maxil-
lofacial bone development. However, the function of DLX
remains controversial and the regulatory mechanisms are
yet to be elucidated. In two previous studies, Qiu et al (5,6)
created a DLX2” mouse model through gene knockout
technology. Newborn DLX2" mice were found to die after
birth with structural abnormalities observed in the bones
originating from the first branchial arch maxillary process,
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Table II. Quantitative polymerase chain reaction analysis of the relative expression levels of bone formation-associated genes.

Gene Day 1 Day 4 Day 7 Day 14
ALP
pMSCV 1 1.18+0.045 3.719+0.23 7.971+0.32
pMSCV-DLX2 1.193+£0.076 3.387+0.172 7.93+0.223 9.117+0.305
OCN
pMSCV 1 1.084+0.058 3.79+0.271 5.56+0.217
pMSCV-DLX2 1.013+0.075 1.057+0.087 3.873+0.215 6.482+0.035
RUNX2
pMSCV 1 3.104+0.083 2.86+0.395 3.626+0.217
pMSCV-DLX2 1.081+0.104 3.209+0.149 3.02+0.308 3.481+0.03
MSX2
pMSCV 1 1.104+0.083 2.882+0.313 3.54+0.046
pMSCV-DLX2 8.901+0.223 12.676+0.641 13.02+0.308 13.615+0.236

Statistically significant differences between the control and experimental groups were observed in the expression of ALP (P<0.01, on days 4,
7, 14), OCN,(P<0.05, on day 14) and MSX2 (P<0.01, on day 1, 4, 7, 14), but not in the expression of RUNX2 (P>0.05). DLX, distal-less gene;
ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt-related transcription factor; MSX, Msh homeobox; MSCV, murine stem cell virus.

Table III. Semi-quantitative analysis of ALP activity.

Group Day 4 Day 7 Day 14

pMSCV 0.521+0.089 0.668+0.066 2.041+0.094
pMSCV-DLX2 1.673+0.073 2.561+0.087 2.881+0.097

A statistically significant difference was observed when compared
with the control group (P<0.01). DLX, distal-less gene; ALP, alkaline
phosphatase; MSCV, murine stem cell virus.
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Figure 5. Semi-quantitative analysis of ALP activity. 'P<0.05, pMSCV-DLX2
group vs. pMSCV group (n=3). ALP, alkaline phosphatase; MSCV, murine
stem cell virus; OD, optical density; DLX, distal-less gene.

such as the basisphenoid, greater wing of the sphenoid bone
and pterygoid lamina, which was accompanied by a cleft
palate, cranial parietal bone ossification delay and cortical

Figure 6. Alizarin red staining of MC3T3-El cells on day 21. DLX, distal-less
gene; MSCV, murine stem cell virus.

bone dysplasia in long bones. These observations indicated
that DLX2 was crucial in regulating craniofacial bone
development and differentiation. In addition, gene expression
microarray analysis revealed that DLX?2 is an early response
gene in the regulation of bone morphogenetic protein
(BMP)2-mediated osteogenic differentiation (10). Therefore,
the DLX knockout mouse models and DLX overexpression
experiments indicated that DLX promotes skeleton forma-
tion; however, the effect of DLX on osteogenic differentiation
remains unknown. Lee et al (11) found that DLXS5, which
is closely associated to DLX2, suppressed the expression of
OCN, in contrast to DLX2. In addition, overexpression of
DLXS5 was reported to result in bone formation disorder in
immunodeficient mice and mineralized matrix deposition of
cells cultured in vitro. In vitro, overexpression of DLX5 was
shown to have no effect on chondroplast differentiation (12).
In the present study, MC3T3-El cells were transfected with
pMSCV-DLX2 and stable clones were selected with puro-
mycin. Subsequently, the mRNA and protein expression levels
of DLX2 were determined by quantitative PCR and western
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blot analysis, respectively. This stable transfection cell line
established the basis for investigating the effect of DLX2
overexpression on osteogenic differentiation and the possible
underlying mechanisms.

ALP is hypothesized to be an indicator of early osteo-
genesis (13), and is known to hydrolyze numerous types of
phosphates under alkaline conditions to promote cell matura-
tion and calcification (14). ALP has been shown to be highly
expressed during early osteogenic differentiation (day 7)
through induction by morphogenetic proteins (15,16). In the
present study, ALP activity in the MC3T3-EI cell line was
upregulated in the early stage of osteogenesis between days 7
and 14, as induced by the osteogenesis culture medium. As
indicated in the quantitative PCR and ALP activity experi-
ments, DLX2 upregulated ALP activity as early as day 4. On
day 14, no statistically significant difference was observed
between the groups, indicating that DLX?2 primarily func-
tions in the early stages of osteogenic differentiation, which is
different from that of BMPs (15). OCN is the most abundant
non-procollagen protein in the bone tissue, and can promote
osteogenic differentiation by combining with minerals (17).
In osteoblasts cultured in vitro, OCN upregulation has been
observed during the mineralization stage; however, OCN
expression has subsequently decreased until the end of osteo-
genic differentiation (13,18,19). The results of the present
study demonstrated that low expression levels of OCN were
observed in each group during the early stage of osteogenesis
on days 1, 4 and 7, and no statistically significant differences
were observed among the groups. However, on day 14, higher
expression levels of OCN were observed in the transfection
group (P<0.05). In addition, positive Alizarin red staining
indicated that DLX2 promoted the expression of OCN and
osteogenesis at the later stage.

RUNX?2 belongs to the Runt domain gene family and
has been demonstrated to be the one of the most important
transcription factors involved in osteogenic differentia-
tion (20). However, no statistically significant difference in
RUNX2 expression was observed at any of the four time
points when comparing the transfection and control groups
(P>0.05), which indicated that the RUNX?2 pathway may not
be involved in the mechanism underlying DLX2-induced
promotion of MC3T3-El osteogenesis. MSX?2 belongs to
the Hox gene family and is involved in the regulation of
osteogenesis. Downregulation of MSX2 has been shown to
result in preosteoblast dysmaturity (21). DLX genes have
been reported to function in transforming growth factor-f§
(TGF-B)/BMP-mediated osteogenesis regulation through
combining with and antagonizing MSX2 (22,23). In the
present study, overexpression of DLX?2 was shown to upregu-
late MSX2 expression. Thus, it was hypothesized that DLX2
and MSX2 regulate the transcription of osteogenesis-associ-
ated genes in a synergistic manner by forming a transcription
factor complex. However, future investigation is required to
further support this hypothesis.

In conclusion, through DLX?2 transfection, examination
of osteogenesis-associated gene expression, ALP activity and
Alizarin red staining, the present study demonstrated that
DLX2 overexpression induces the osteogenic differentiation of
MC3T3-El cells via upregulating bone formation-associated
genes, such as ALP and MSX2. Future studies will focus on
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osseointeractions between DLX2 and MSX2. Further studies
will aim to investigate the role of the TGF-[3 signalling pathway
on the induction of osteogenesis by DLX2. Such a study may
contribute to potential clinical application of bone mesenchymal
stem cells transduce with DI1x2 for bone augmentation in patients
suffering from bone deficiency.
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