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Abstract. NEL-like protein 1 (NELL1) is a newly identified
secreted protein involved in craniosynostosis and has been found
to promote osteogenic differentiation of mesenchymal stem
cells. The objective of this study was to investigate the effect
of NELLI1 on osteogenic differentiation of human periodontal
ligament stem cells (hPDLSCs) and the potential underlying
mechanism. hPDLSCs underwent lentivirus-mediated NELL]
transfection (Lenti-NELL1) and markers of osteogenesis were
assessed [alkaline phosphate (ALP), osteocalcin (OCN) and
calcium deposition] to evaluate the effect of NELL1 on the
differentiation of these cells. Quantitative polymerase chain
reaction (QPCR) was employed to measure the mRNA expres-
sion of Msx2 and Runx?2, and Lenti-enhanced green fluorescent
protein (EGFP) served as a control. Western blot analysis
and qPCR analyses confirmed that Lenti-NELLI1-transfected
hPDLSCs could express NELL1. Compared with the Lenti-
EGFP group, ALP, OCN, calcium deposition and Msx2 mRNA
expression were markedly increased (P<0.01), but there was no
significant difference in Runx2 mRNA expression between
the two groups (P>0.01). hPDLSCs can be transfected by
Lenti-NELL1 and can stably express NELLI1. NELLI is able
to promote the osteogenic differentiation of hPDLSCs, which
may be related to the downregulation of Msx2 expression.
Lenti-NELLI transfection can be used during in vitro gene
therapy for periodontal regeneration.

Introduction

Periodontal diseases result in damage to periodontal tissues,
including the periodontal ligament (PDL), cementum, and
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alveolar bone, and are the main cause of tooth loss in adults.
Periodontal diseases are a health burden worldwide (1).
Reconstruction of healthy PDLs is a major goal in the treatment
of periodontal diseases. Human periodontal ligament stem
cells (hPDLSCs) have the potential to form PDL, cementum,
and alveolar bone and are ideal seed cells for periodontal
tissue engineering.

Bone morphogenetic proteins (BMPs) are a group of
classic bone growth factors that can exert osteogenic effects
on a broad spectrum of cell types. At the same time, BMPs
have been found to be involved in the development of
numerous tissues and organs (2,3), and this nonspecificity of
BMPs usually results in unexpected side effects (4,5). Thus,
it is imperative to identify growth factors with fewer side
effects and favorable specificity as an alternative to BMPs.
NEL-like protein 1 (NELLI) is a secreted protein related to
human craniosynostosis (CS) (6) that can specifically act on
osteochondral lineage. NELLI has been demonstrated robust
induction of bone in multiple animal models iXn vivo (7-9).
Different from BMP-2, NELLI cannot independently induce
ectopic osteogenesis in muscle (10). NELL1's unique role as a
novel osteo-inductive factor makes it an attractive and prom-
ising future in clinical practice. However, few studies have
reported the osteogenic effect of NELL on hPDLSCs.

Studies have confirmed that recombinant NELL1 protein
can promote the osteogenesis of mesenchymal stem cells
(MSCs) and subsequent bone formation (11). However,
proteins may spread or be inactivated and the dose of recom-
binant proteins is usually large in clinical practice (12,13),
which then results in unexpected side effects and increases the
cost. Regional gene therapy has been regarded as an effective
strategy to resolve this limitation (14). Adenovirus-mediated
NELL1 gene therapy (AANELL1) has been indicated to
induce bone regeneration in animal models (7,15). Bone repair
is a long-term process and adenoviruses cannot support lasting
expression of target genes (16). However, lentiviral vectors
can effectively and stably express target genes by integrating
their DNA into the host genome. Recent studies have also
confirmed that lentiviruses expressing BMP-2 are superior
to adenoviruses expressing BMP-2 in gene therapy for bone
regeneration (17). This suggests that lentivirus expressing
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NELLI (Lenti-NELL1) may be a favorable candidate for bone
regeneration.

In the present study, Lenti-NELL1 was constructed and
the feasibility of using virus to infect hPDLSCs was inves-
tigated. In addition, the effect of NELL1 on the osteogenic
differentiation of hPDLSCs following lentivirus infection
and the potential underlying mechanisms were studied. Our
results showed that Lenti-NELL1 infected hPDLSCs could
effectively express bioactive NELL1 over a long period of
time and that NELL1 could further promote the osteogenic
differentiation of hPDLSCs in runt-related transcription
factor 2 (Runx2) independent manner. In summary, our find-
ings demonstrated that Lenti-NELL] transfection of hPDLSCs
may be a promising strategy for bone and periodontal tissue
engineering.

Materials and methods

Isolation of human PDLSCs. This study was approved by
the Ethics Committee of the General Hospital of People's
Liberation Army, and informed consent was obtained before
beginning the study. A total of 40 impacted, caries-free molars
were extracted from 28 patients. The PDL was gently collected
and digested in 3 mg/ml type I collagen (Sigma-Aldrich, St.
Louis, MO, USA) and 4 mg/ml dispase (Roche Diagnostics
GmbH, Mannheim, Germany) for 1 h at 37°C (18). PDL
samples from different patients were pooled, and a single cell
suspension was prepared and filtered through a 200-xm pore
size filter. Cells were maintained in basic medium (a-MEM
containing 10% FBS; Gibco-BRL, Grand Island, NY, USA) at
37°Cin 5% CO,. The density of cells in the logarithmic growth
phase was adjusted to 10-15 cells/ml, cells were then seeded
into a 96-well plate (100 pl/well) followed by incubation for
12 h. The medium was added at a final volume of 200 g1 in
each well. When cell confluence covered 30-50% of the bottom
of the well, the cells were digested in 0.25% trypsin (Sigma-
Aldrich) and passaging was performed to acquire single clones
and subclones of stable PDLSCs.

Characterization of human PDLSCs. Immunofluorescence
staining with STRO-1 was performed to identify PDLSCs. The
purified stem cells were seeded into plates followed by incuba-
tion for 24 h. After washing in PBS, cells were fixed in 2%
p-formaldehyde for 15 min. These cells were then incubated
with mouse anti-human STRO-1 (Millipore, Billerica, MA,
USA) for 12 h and goat anti-mouse IgM (SouthernBiotech,
Birmingham, AL, USA) in the dark for 40 min. To detect the
multipotency, hPDLSCs were incubated in osteogenic and
adipogenic media (Gibco-BRL, Grand Island, NY, USA)
for 21 days, alizarin red staining and oil red O staining were
performed to detect the osteoblast- and adipocyte-like cells,
respectively. hPDLSCs maintained in basic medium served as
controls.

Construction of the plasmid expressing NELLI (plenti-
NELLI-IRES-EGFP). The ViraPower Lentiviral Expression
System (Invitrogen, Carlsbad, CA, USA) was employed to
synthesize human NELL1 (NMO006157.3) with the whole
genome synthetic method. A single strand oligonucleotide was
first synthesized and restriction sites (BamHI and Nhel) were
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included at both ends. Standard overlap PCR was performed to
ligate the synthesized oligos into a complete sequence, which
was then introduced into pMD-18T vectors (Takara Bio, Inc.,
Shiga, Japan). The pMD-18T vectors were used to transform
competent DH5a cells (Invitrogen, Carlsbad, CA, USA),
and overlap PCR was performed to repair the mutated sites.
Restriction enzymes (BamHI and Nhel; Fermentas, Inc., Glen
Burnie, MD, USA) were used to treat the sequence, and the
products were ligated into the target vector plenti-MCS-IRES-
EGFP, which was then transformed into competent Stb13
cells (were from Invitrogen). Sequencing was performed to
determine the inserted sequence and whether plenti-NELLI-
IRES-EGFP could express NELLI.

Viral packing and detection of viral titer. The plenti-
NELLI1-IRES-EGFP vectors were mixed with Packing Mix,
Lipofectamine 2000, and Opti-MEM (were from Invitrogen)
according to the manufacturer's instructions. This mixture
was then added to 293T cells followed by incubation at 37°C
for 6 h. The medium was refreshed with DMEM containing
10% FBS followed by incubation for 48 h. The supernatant
was collected and centrifuged at 50,000 x g for 2 h at 4°C.
The virus particles were resuspended and stored at -80°C. The
virus suspension was serially diluted, which was then added
to HEK293 cells. Fluorescence microscopy was performed to
determine the required titer of the virus.

Cell transfection. hPDLSCs with favorable growth were
seeded into plates. When cell confluence reached >80%, the
cells were incubated in DMEM containing 5% FBS followed
by addition of virus suspension at multiplicities of infection
(MOIs) of 0, 10, 50, 100, 150 and 200. A total of 12 h later, the
cells were incubated with basal medium for 60 h. Then, cells
that were positive for green fluorescence were counted and the
cell status was also observed.

Western blot analysis. Cells were harvested 14 days after lenti-
virus transfection. The cell lysate was subjected to SDS-PAGE
for protein separation. The proteins were then transferred onto
a PVDF membrane (Millipore), which was subsequently incu-
bated with 5% non-fat milk for 1 h. The membrane was then
treated with mouse anti-human NELL1 (Sigma-Aldrich) at
4°C overnight and then with a goat anti-mouse secondary anti-
body (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
for 1 h. GAPDH served as an internal reference (Shanghai
KangCheng Bio-tech, Shanghai, China). Visualization was
performed with ECL (Thermo Fisher Scientific, Rockford, IL,
USA). A FluorChem HD2 gel image system (ProteinSimple,
Santa Clara, CA, USA) was employed to determine the expres-
sion of the target protein.

Proliferation assay. Cells were seeded into a 96-well plate
(2x10* cells/well), and an MTS kit (Promega Corporation,
Madison, W1, USA) was employed to detect cell proliferation
(OD at 490 nm) (19).

Alkaline phosphatase activity assay. A colorimetric method was
used to measure alkaline phosphate (ALP) activity according
to the manufacturer's instructions (Nanjing Biotechnology,
Nanjing, China) (19). OD was measured at 490 nm.
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Human genes name

Forward primer sequence (5'-3")

Reverse primer sequence (5'-3")

NELLI GCTTTGGGATGGACCCTGAC GAAATAAAAATGCTTTGCTGGC
Runx2 CTCTACTATGGCACTTCGTCAGG GCTTCCATCAGCGTCAACAC
Msx2 AGATGGAGCGGCGTGGAT TGGAGGGCAGCATAGGTTT
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCC

Alizarin red staining. Samples were fixed in 10% formalin
for 15 min and then in 1% alizarin red for 2 min. Following
washing in water, alizarin red was quantitated. In brief,
samples were washed with 10% cetylpyridinium chloride
(CPC) to remove the alizarin red and spectrophotometry was
performed to measure the OD at 490 nm (20). Detection was
done in triplicate and each experiment was performed twice.

Real-time PCR analysis. Total-RNA was extracted with
TRIzol reagent (Invitrogen). BioPhotometer Plus (Eppendorf,
Hamburg, Germany) was employed to measure the concentra-
tion and purity of the RNA. A RevertAid First Strand cDNA
Synthesis kit (Fermentas, Inc.) was used to synthesize first
strand cDNA, and PCR was performed with SYBR-Green
Real-Time PCR Master Mix (Applied Biosystems, Foster
City, CA, USA). The mRNA expression of NELLI, Runx2,
Msx2 and GAPDH was detected using an ABI PRISM 7500
Real-time PCR system (Applied Biosystems, Foster City,
CA, USA). GAPDH served as an internal reference, and the
mRNA expression of the target genes was normalized to that
of GAPDH (14). Specific human genes and primer sequences
are listed in Table I.

ELISA for osteocalcin. At 7, 14 and 21 days after transfection,
ELISA (Invitrogen) was performed to measure osteocalcin
(OCN) in the supernatant at 490 nm, and the OD value was
recorded.

Statistical analysis. Data are presented as the mean with stan-
dard deviation. The comparisons between the 2 groups were
tested with the independent two-sample t-test. P-values <0.05
were considered statistically significant. Statistical analyses
were performed using SPSS v15.0 statistics software (SPSS,
Chicago, IL, USA).

Results

Characterization of human PDLSCs. After digestion with
collagenase, hPDLSCs were successfully collected and >90%
of the cells were observed to be positive for STRO-1 (Fig. 1A
and B). To identify the multipotency of the isolated cells, the
hPDLSCs were cultured in osteogenic and adipogenic media
for 21 days, and the differentiation into these lineages was
confirmed by alizarin red and oil red O staining, respectively
(Fig. 1C and D).

Gene transduction and the effects on cell proliferation. In
order to establish the optimal MOI for high lentivirus gene

1 S5pum

Figure 1. Characterization of hPDLSCs. (A and B) Cells identified as stem
cells by immunohistochemistry for STRO-1. (C and D) Differentiation
capacity of isolated hPDLSCs. Differentiation was induced by incubating
hPDLSCs in differentiation media for 3 weeks. Following fixation, the cells
were stained by alizarin red or oil red O, as appropriate.

transfer efficiency, a series of MOIs were assessed in this
study. A MOI of 100 pfu/cell achieved high transfer efficiency
above 90% 72 h after lenti-EGFP transduction of hPDLSCs
were positive for green fluorescence (Fig. 2C and D). While in
the Lenti-NELL1 group, more than 90% of cells were positive
for green fluorescence only when the MOI was 150 pfu/cell
(Fig. 2E and F). In addition, the morphology of the cells in
the Lenti-NELL1 group was similar to that in the Lenti-EGFP
group (Fig. 2A and B). Quantitative polymerase chain reac-
tion (QPCR) showed that the mRNA expression of NELLI in
the Lenti-NELL1 group at 7 and 14 days after transfection
was increased 7.02- and 9.23-fold (P<0.001), respectively,
when compared with that in the Lenti-EGFP group at Day 0
(Fig. 2G). Western blotting assays also demonstrated that cells
in the Lenti-NELL1 group expressed NELL1 (Fig. 2H).

The proliferation and differentiation of stem cells are 2
opposing processes. Cells with high differentiation usually
have low proliferation and those with high proliferation often
present with low differentiation (21). Thus, theoretically,
NELLI may not only promote the differentiation of hPDLSCs
but also inhibit their proliferation. A previous study showed
that AANELLI-transfected goat MSCs inhibited proliferation
(7). As expected, 1 and 2 days after transfection, the prolifera-
tion of cells in the Lenti-NELL1 group was comparable to that
in the Lenti-EGFP group. However, 3 days after transfection,
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Figure 2. Gene transduction. (A and B) Absence of GFP expression in
hPDLSCs without transduction of any lentivirus. (C and D) A MOI of 100 pfu/
cell achieved a high transfer efficiency (above 90%) at 72 h after Lenti-EGFP
transduction of hPDLSCs, as indicated by positive GFP expression. (E and F)
A MOI of 150 pfu/cell achieved a high transfer efficiency (above 90%) at
72 h after Lenti-NELL1 transduction of hPDLSCs, as indicated by positive
GFP expression. Original magnification, x200. (G) qPCR analysis of NELL/
in hPDLSCs transduced with Lenti-EGFP or Lenti-NELL1. (H) Western blot
analysis probed with antibodies against NELL1 and GAPDH for confirmation
of NELL1 protein expression 14 days after gene transduction.

the proliferation of hPDLSCs in the Lenti-NELL1 group was
markedly lower than that in the control group (P<0.01) (Fig. 3).

Osteogenic differentiation of hPDLSCs in vitro after gene
transduction. Under appropriate conditions, PDLSCs may
differentiate into multiple cells, including osteoblasts and
adipocytes (18,22). In the present study, cells transfected
with Lenti-EGFP served as controls and the osteogenic
effect of NELL1 was determined. After transfection, these
cells received osteogenic induction. ALP is a marker of
early osteogenesis. The results showed that, as compared
to the control group, cells in the Lenti-NELL1 group had
comparable ALP activity at Day O but showed significantly
increased ALP activity 6 days after induction (P<0.001)
(Fig. 4A). For the osteogensis late indicator of OCN, their
production was similar to that above. At 7 and 14 days after
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Figure 3. Effects of Lenti-EGFP and Lenti-NELLI infection on hPDLSC
proliferation as analyzed by MTS assay. Comparison of cellular absorbance
between the Lenti-NELLI and Lenti-EGFP groups. "P<0.001.

induction, OCN levels in the Lenti-NELL1 group were mark-
edly higher than in the control group (P<0.001) (Fig. 4B). In
addition, alizarin red staining showed that more calcium was
found in the Lenti-NELLI group than in the Lenti-EGFP
group (Fig. 4C and D). Quantitative analysis showed that
calcium mineralization was more evident in the Lenti-NELL1
group than in the control group (P<0.001) (Fig. 4E). On the
other hand, NELL1 is a secreted protein. To further validate
whether NELLL1 in Lenti-NELLI-transfected hPDLSCs was
biologically active, the supernatant was mixed with normal
osteogenic media made of the conditional medium at a ratio
of 1:1 for osteogenic cultured 21 days. The results showed
more calcium deposition in the Lenti-NELL1 than in the
control group (P<0.001) (Fig. 4F-H). The above findings
indicated that Lenti-NELLI1-transfected hPDLSCs were able
to successfully express bone-inducing active NELL1 protein
that could vigorously facilitate the osteogenic differentiation
of hPDLSCs at early and late stages.

To explore the probable mechanism underlying the
promotion of PDLSCs osteogenic differentiation by NELL1,
two primary transcription factors (Runx2 and Msx2) involved
in osteogenic differentiation were investigated. Studies
have demonstrated that NELL1 is a downstream factor of
Runx2 and is directly regulated by Runx2 (23). As expected,
although Runx2 mRNA expression in the Lenti-NELL1
group at 7 and 14 days after transfection was increased
11.17 and 10.05-fold when compared with that in the control
group at Day 0, no distinct difference was noted between the
two groups (P>0.01) (Fig. 4I). Msx2 is an important regu-
lator in osteogenesis, especially in the Runx2 independent
signaling pathway. Interestingly, like NELL1, Msx2 is also
highly related to CS and plays an equally important role in
craniofacial development (24). When compared with the
control group at Day 0, Msx2 mRNA as compared with the
control group at Day 0, the Lenti-NELL1 group at Day 7 was
increased by 4.6-fold higher than that in the control group
(2.61-fold). (P<0.001) (Fig. 4J). These findings implied that
NELL1, Runx2 and Msx2 may be involved in enhancing
hPDLSC osteogenic differentiation, although it is unclear,
our study is essential for understanding NELL1's potent
osteoinduction effect.
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Figure 4. In vitro analysis of osteoblastic differentiation after hPDLSC transduction with Lenti-EGFP or Lenti-NELLI. (A) ALP activity of hPDLSCs trans-
fected for 6 days. (B) OCN production in hPDLSCs transduced with Lenti-EGFP or Lenti-NELLI. (C-E) Transfected hPDLSCs were incubated in osteogenic
media for 3 weeks. Calcium deposition was assessed by alizarin red staining. Quantitative analysis of calcium deposition of transfected cells. (F-H) Supernatant
collected from Lenti-EGFP- or Lenti-NELL1-transfected cells was used to induce the osteogenic differentiation of hPDLSCs. Calcium deposition was quanti-
tatively analyzed by alizarin red staining. (I and J) qPCR analysis of Runx2, and Msx2 in hPDLSCs transduced with Lenti-EGFP or Lenti-NELLI.

Discussion

PDLSC is a neural crest-deried stem cell with the charactistcs
of neural ectoderm and mesoderm differentiation potential
and potent plasticity (22,25,26). Different from other MSCs,
PDLSCs have enomous potential to form PDL, alveolar bone,
and cementum and have been regarded as ideal seed cells in
the treatment of craniofacial bone defects, especially for peri-
odontal regeneration.

Unlike the gold-standard osteoinductive factors BMPs,
NELLI can only specifically act on osteochondral lineage and
MSCs (7,9,27), act as a crucial factor involved in the differ-
entiation of neural crest cells into osteoblasts (28). For other
nonosteochondral lineage, such as C2C12 myoblasts, NELL1
cannot independently induce osteogenesis (10). On the other
hand, NELLI1 does provide an advantage in the promotion
of bone regeneration. Cowan et al (8) investigated the role
of NELLI1 in the suture of distracted palates of 4-week-old
male rats. The results showed that NELL1 and BMP7 could
significantly induce bone formation and newly formed bone
in the NELLI treated group was superior in mineralization
and maturity of chondrocytes to that in the BMP7 group. To
date, few studies have reported the effect of NELL1 on the

osteoblast differentiation of hPDLSCs. In the present study,
our results confirmed that a NELL1-expressing lentivirus
effectively transfected hPDLSCs, which expressed NELL1
over an extended time period. In addition, NELL1 could
potently improve the osteogenesis of hPDLSCs in vitro.
Currently, it has been demonstrated that recombinant NELL1
protein can promote bone regeneration in bone-defect animal
models (8,9,11). When protein is applied, the dose is usually at a
high level, which may induce potential side effects and increase
therapeutic cost. Regional gene therapy may be a preferred
stratege for delivering protein in specific anatomical sites. The
selection of optimal vectors is crucial in regional gene therapy.
Although studies have shown that adenovirus vectors encoding
NELLI can successfully promote bone regeneration (7,15), the
target gene introduced by an adenovirus is episomal with the
risk of inducing host immune response. Furthermore, adeno-
viruses cannot express the target gene lasting adequate time
(16,17). Thus, when repair large bone defects with adenovirus
vectors, sufficient amounts and sustained delivery of NELLI1
cannot be assured. Lentiviruses can integrate DNA into the host
genome, resulting in long-term expression of the target protein
(17,29). Previous studies have shown that NELLI1 expression in
AdNELLI-transfected MC3T3 cells reached a peak level 3 days
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after transfection, but this rapidly decreased at 6 days after
transfection (9). In the present study, Lenti-NELLI1-transfected
cells presented green fluorescence under a fluorescence micro-
scope during the entire study period (6 weeks) (data not shown).
Furthermore, qPCR also verified that at 14 days after transfec-
tion, NELLI mRNA expression was still at a high level. Safety
must be considered seriously before viral vectors are applied.
In our study, the high efficient packaging system of the third
lentivirus was used, which was less likely to produce replication-
competent virus (RCV) (30,31). Next, we will further validate
the efficacy of Lenti-NELLI modified hPDLSCs compared with
those obtained by adenovirus for periodontal tissue regeneration
in rodent models.

Although our results demonstrated that NELL1 could effec-
tively enhance the osteogenic differentiation of hPDLSCs, the
potential mechanism of this process was still unclear. Thus,
qPCR was further applied to measure the mRNA expression
of Runx2 and Msx2 in PDLSCs overexpressing NELLI after
osteogenic induction. Runx?2 is a key factor related to osteogen-
esis, as it can control the osteogenic differentiation of stromal
cells through temporarily activating or inhibiting the growth
and gene expression of stromal cells (32). The results showed
that, although NELL1 overexpression could improve the
osteogenic differentiation of hPDLSCs, cells overexpressing
NELLI had comparable Runx2 expression to those in the
control group. This may be attributed to the hierarchical rela-
tionship between NELLI1 and Runx2 in the signaling pathway.
Studies have found that NELLI might be a downstream target
of Runx2. Runx?2 can upregulate NELL1 expression by binding
to the osteoblast-specific cis-acting element 2 (OSE2) in its
promoter (23,33). Our study found that overexpssion of NELL1
in hPDLSCs had no effect to Runx2 expression comparing to
the control group consistent with other findings (23). It implies
that Runx2 may exert its osteogenic effect via regulation of
NELLI expression. Insterstingly, Msx2 has similar functions
to NELLI. Studies have revealed that Msx2 mutation is related
to Boston type CS (24). Currently, roles of Msx2 in osteogen-
esis is controversial. Genetic analysis in human diseases and
animal models have shown Msx2's positive role in improving
osteogenesis (24,34); while in vitro study has revealed that
Msx2 can inhibit osteogenesis (35). There is evidence that
NELLI overexpression-induced craniofacial abnormalities
in animal models are similar to those in animals with Msx2
overexpression (28). In both animal models, cranial suture
overgrowth and increased incidence of exencephaly were
noted. Currently, roles of NELL1 and Msx2 in craniofacial
bone development, CS, and osteogenic differentiation are still
unclear. The results in the present study showed that NELL1
overexpression could significantly upregulate Msx2 expres-
sion. A prior study showed that the NELLI promoter contains
an Msx2 binding sequence, NELL1 expression is regulated
by Msx2, and Msx2-transfected fetal rat calvarial cells have
a reduced expression of NELLI (34). Combined with our
findings, it suggested that NELLI1 and Msx2 may intricately
interrelate during osteogenesis, and more studies are required
to elucidate their mechanism of enhancing osteogenisis.

In summary, the above findings suggested Lenti-NELLI
transfection of hPDLSCs leads to overexpression of NELLI,
which further improved osteogenesis of these cells in vitro.
However, in vivo study was not performed to validate the
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above findings. Our group is conducting the application of
NELLI-transfected PDLSCs to repair alveolar bone defects in
animal models. We expect that the findings in this study will
consummate the investigation about NELL1's osteoinductive
effect on PDLSCs and provide a basis for further studies on
the application of NELLI as a growth factor and PDLSCs
as seed cells in bone regeneration and periodontal tissue
regeneration.
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