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Abstract: Background and objectives: NELL-1 is a competent growth factor and it reported to target
cells committed to the osteochondral lineage. The secreted, osteoinductive glycoproteins are reported
to rheostatically control skeletal ossification. This study was performed to determine the effects of
NELL-1 on spheroid morphology and cell viability and the promotion of osteogenic differentiation
of stem cell spheroids. Materials and Methods: Cultures of stem cell spheroids of gingiva-derived
stem cells were grown in the presence of NELL-1 at concentrations of 1, 10, 100, and 500 ng/mL.
Evaluations of cell morphology were performed using a microscope, and cell viability was assessed
using a two-color assay and Cell Counting Kit-8. Evaluation of the activity of alkaline phosphatase
and calcium deposition assays involved anthraquinone dye assay to determine the level of osteogenic
differentiation of cell spheroids treated with NELL-1. Real-time quantitative polymerase chain
reaction (qPCR) was used to evaluate the expressions of RUNX2, BSP, OCN, COL1A1, and β-actin
mRNAs. Results: The applied stem cells produced well-formed spheroids, and the addition of
NELL-1 at tested concentrations did not show any apparent changes in spheroid shape. There
were no significant changes in diameter with addition of NELL-1 at 0, 1, 10, 100, and 500 ng/mL
concentrations. The quantitative cell viability results derived on Days 1, 3, and 7 did not show
significant disparities among groups (p > 0.05). There was statistically higher alkaline phosphatase
activity in the 10 ng/mL group compared with the unloaded control on Day 7 (p < 0.05). A significant
increase in anthraquinone dye staining was observed with the addition of NELL-1, and the highest
value was noted at 10 ng/mL (p < 0.05). qPCR results demonstrated that the mRNA expression
levels of RUNX2 and BSP were significantly increased when NELL-1 was added to the culture.
Conclusions: Based on these findings, we conclude that NELL-1 can be applied for increased osteogenic
differentiation of stem cell spheroids.

Keywords: human NELL1 protein; osteogenesis; mesenchymal stem cells

1. Introduction

NELL-1 is a potent growth factor, reported to target cells committed to the osteochon-
dral lineage [1]. NELL-1 is reported to be encoded by the NELL1 gene in humans, and
human NELL1 has been mapped to chromosome 11 at 11p15.1–p15.2 [2]. NELL-1-deficient
cranial neural crest cells exhibited a noticeable reduction in cellular proliferation along
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with a significant decrease in osteogenic differentiation [3]. NELL-1 can be applied in the
healing of a bony defect through the enhancement of osteogenesis and repairment [4]. It
has been shown that NELL-1-haploinsufficient mice exhibit normal skeletal development
but experience age-related osteoporosis, characterized by increased bone fragility and
a reduction in osteoblast to osteoclast ratio [5]. NELL-1 is reported to have additional
effects on anti-adipogenic activities, and application of NELL-1 inhibited bone morpho-
genetic protein-9-induced adipogenesis [6]. NELL-1 is reported to induce odontoblast
differentiation and pulp capping with enhanced formation of reparative dentin and re-
duced inflammatory cell responses, suggesting it as a positive regulator for pulp repair [7].
NELL-1 also is shown to exhibit anti-inflammatory effects and pro-chondrogenic dual
functions [8].

In recent years, stem cell research has been of great interest, and the number of such
studies has grown tremendously [9,10]. Stem cells have differentiation abilities including
osteogenic differentiation [11]. In a previous report, infusion of mesenchymal stem cells
improved bone performance as a result of stem cell differentiation into osteoblasts [12].
Mesenchymal stem cells can be applied due to paracrine effects, which is proven by using
conditioned media, and this approach can be applied to regenerative medicine, especially
in bones [13,14]. In a previous report, NELL-1 significantly induced mesenchymal stem
cell migration [15]. Spheroid culture has the advantages of improvement in viability and
proliferation and promotion of the stemness marker expression [16]. Spheroids are shown
to facilitate cell-to-cell interaction and to produce an increased osteogenic potential [17].
The purpose of this study is to reveal the effects of NELL-1 on the morphology of spheroids,
maintenance of cell viability, and enhancement of osteogenic differentiation using three-
dimensional cultures of stem cells.

2. Materials and Methods
2.1. Fabrication of Stem Cell Spheroids

The Institutional Review Board approved the protocol of the present study after
reviewing the document (No. KC19SISI0816 and KC20SISE0733; approved date: 20 Novem-
ber 2019). The study was conducted in accordance with the Declaration of Helsinki.
Gingiva-derived mesenchymal stem cells (GMSCs) were obtained following previously
reported methods [18]. Obtained gingival tissues were de-epithelialized, minced and
digested with enzyme. The stem cells were loaded on a culture dish, and the culture media
was changed every two to three days.

Figure 1 demonstrates a general view of the study design. Microwells (StemFIT 3D;
MicroFIT, Seongnam, Korea) were used to formulate stem cell spheroids with a total of
1 × 106 cells per well. Cell spheroids made of gingiva-derived stem cells were treated with
NELL-1 (NELL-1810; 5487-NL, R&D Systems, Inc., Minneapolis, MN, USA) at the concen-
trations of 0, 1, 10, 100, and 500 ng/mL on the third day. Morphological evaluation of the
spheroids was conducted on Days 1, 3, 5, and 7 using an inverted microscope, and the images
were saved as JPEGs using the attached charge-coupled device camera. The intactness of
the spheroids and the change in the diameter was evaluated regarding the morphological
analyses. The diameter of the spheroids was calculated following the previous method [19].
Three spheroids were used for the measurements in each group at each time point.
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2.2. Determination of Cell Viability

Two-color-based assays (Live/Dead Kit assay, Molecular Probes, Eugene, OR, USA)
based on esterase activity and integrity of the plasma membrane were used for qualitative
cell viability. The spheroids were incubated for 30 min at room temperature after adding
2 µL of 50 mM calcein acetoxymethyl ester working solution and 4 µL of 2 mM ethidium
homodimer-1 [20]. Three spheroids were analyzed for each group at each time point.
Spectrophotometric analyses using Cell Counting Kit-8 (Dojindo, Tokyo, Japan) were used
for quantitative cell viability testing. The spheroids were cultured for 60 min at 37 ◦C after
adding tetrazolium, and monosodium salt.

2.3. Activity of Alkaline Phosphatase and the Evaluation of Calcium Deposits

Cell spheroids were grown in a 37 ◦C humidified incubator containing 5% CO2
with the osteogenic media. The activity of alkaline phosphatase and anthraquinone dye
staining were used to evaluate the osteogenic differentiation of stem cell spheroids on
Days 7 and 14 [21]. Colorimetric analyses based on para-nitrophenylphosphate were
used to evaluate the activity of alkaline phosphatase. The supernatant was mixed with a
p-nitrophenylphosphate substrate and incubated at 25 ◦C for 60 min. The absorbance of
the resultant p-nitrophenol was measured spectrophotometrically at 405 nm.

Anthraquinone dye staining was used to assess calcium deposits. Stem cell spheroids
were stained with anthraquinone dye for 30 min at room temperature after washing and
fixation procedures. Bound dyes were quantified by spectrophotometric analysis after
application of cetylpyridinium chloride.

2.4. Total RNA Extraction and Quantification of RUNX2, BSP, OCN, COL1A1 mRNA by
Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Quantity of RNA were performed on the extracted total RNA [22]. mRNA expres-
sion was detected by qPCR on Day 7. We used GenBank to design the sense and anti-
sense primers for PCR. The primer sequences were as follows: RUNX2 (accession No.:
NM_001015051.3; forward: 5′-CAGTTCCCAAGCATTTCATCC-3′, reverse: 5′-AGGTGGCT
GGATAGTGCATT-3′), BSP (accession No.: NM_004967.4; forward: 5′-CCTCTCCAAATGG
TGGGTTT-3′, reverse: 5′-ATTCAACGGTGGTGGTTTTC-3′), OCN (accession No.: NM_199
173.6; forward 5′-GGTGCAGAGTCCAGCAAAGG-3′, reverse: 5′-GCGCCTGGGTCTCTTC
ACTA-3′), COL1A1 (accession No.: NM_000088.4; forward: 5′-TACCCCACTCAGCCCAGT
GT-3′, reverse: 5′-CCGAACCAGACATGCCTCTT-3′), and β-actin (accession. No.: NM
001101: forward: 5′-AATGCTTCTAGGCGGACTATGA-3′, reverse: 5′-TTTCTGCGCAAGT
TAGGTTTT-3′) [23]. Gene expression of each mRNA was normalized to the endogenous
reference gene β-actin as an internal control.

2.5. Statistical Analysis

We presented the data as mean ± standard deviation of the results. Tests of normality
and equal variances were executed. The differences between the groups were analyzed
using one-way analysis of variance with Tukey’s post hoc test with SPSS 12 for Windows
(SPSS Inc., Chicago, IL, USA; p < 0.05). Three experimental replicates were evaluated for
each analysis.

3. Results
3.1. Evaluation of Stem Cell Morphology and Determination of Cell Viability

The shapes of cells cultured in growth media on Days 1, 3, and 7 are shown in Figure 2.
Addition of NELL-1 at 0, 1, 10, 100, and 500 ng/mL concentrations did not exhibit notable
changes in spheroid shape.
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The changes in diameter of the spheroids are shown in Figure 3. There were no statis-
tical differences with the addition of NELL-1 at 0, 1, 10, 100, and 500 ng/mL concentrations.
The longer incubation did not produce statistical differences in diameter (p > 0.05).
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The results of qualitative viability of stem cells are shown in Figures 4–6. Most
of the stem cells in the spheroids produced high-intensity green fluorescence on Day 1
(Figure 4). A longer incubation time did not yield an observable difference in the intensity
of fluorescence (Figure 6).

The quantitative values for cell viability are shown in Figure 7. The absorbance values
at 450 nm for NELL-1 at 0, 1, 10, 100, and 500 ng/mL concentrations were 0.184 ± 0.019,
0.189 ± 0.008, 0.166 ± 0.005, 0.168 ± 0.004, and 0.173 ± 0.006, respectively (p > 0.05). There
were general increases in the values on Day 3, but no significant differences among 0, 1,
10, 100, and 500 ng/mL concentrations were observed (p > 0.05). Moreover, no differences
between the groups were noted on Day 7 (p > 0.05).
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3.2. Levels of Alkaline Phosphatase Activity and Anthraquinone Dye Assay

The results for NELL-1 at 0, 1, 10, 100, and 500 ng/mL concentrations on Day 7 were
0.065 ± 0.002, 0.077 ± 0.010, 0.082 ± 0.009, 0.069 ± 0.004, and 0.063 ± 0.001, respectively
(Figure 8). The 10 ng/mL group showed significantly higher values when compared with
the unloaded control (p < 0.05).
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Figure 9 shows the quantitative results for anthraquinone dye staining. There were
significantly higher values for NELL-1 at 1, 10, and 100 ng/mL on Day 7, with the highest
value at 100 ng/mL compared with the unloaded control group (p < 0.05). The absorbance
values at 560 nm on Day 14 for NELL-1 at 0, 1, 10, 100, and 500 ng/mL concentrations were
0.179 ± 0.014, 0.247 ± 0.008, 0.352 ± 0.007, 0.317 ± 0.005, and 0.347 ± 0.008, respectively. A
significant increase was seen with addition of NELL-1, and the highest value was seen at
10 ng/mL (p < 0.05).
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vs. 1 ng/mL group on Day 14.

3.3. Evaluation of RUNX2, BSP, OCN, COL1A1 mRNA by qPCR

qPCR revealed that the mRNA levels of RUNX2 were 100.4 ± 10.2, 147.7 ± 3.7,
155.7 ± 7.0, 128.8 ± 4.5, 137.4 ± 13.6 for NELL-1 at 0, 1, 10, 100, and 500 ng/mL, respec-
tively, on Day 7 (p < 0.05) (Figure 10). qPCR revealed that the mRNA levels of BSP were
100.3 ± 9.3, 348.1 ± 15.1, 308.5 ± 2.2, 135.5 ± 16.9, and 139.0 ± 10.9 for NELL-1 at 0, 1, 10,
100, and 500 ng/mL, respectively, on Day 7 (p < 0.05) (Figure 11). qPCR revealed that the
mRNA levels of OCN were 100.1 ± 5.7, 67.6 ± 2.5, 110.9 ± 3.6, 57.2 ± 4.0, and 93.8 ± 7.2
for NELL-1 at 0, 1, 10, 100, and 500 ng/mL, respectively, on Day 7 (p < 0.05) (Figure 12).
qPCR revealed that the mRNA levels of COL1A1 were 100.4 ± 10.9, 87.6 ± 1.4, 81.9 ± 5.0,
88.8 ± 2.7, and 83.9 ± 2.5 for NELL-1 at 0, 1, 10, 100, and 500 ng/mL, respectively, on Day 7
(p < 0.05) (Figure 13).
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4. Discussion

This study reported the effects of NELL-1 on cell viability and osteogenesis using
cell spheroids composed of stem cells. The application of NELL-1 increased osteogenic
differentiation, which was confirmed by alkaline phosphatase activity and anthraquinone
dye staining, while maintaining cell viability.

NELL-1 can be widely applied in oral and maxillofacial regions due to its effects
on bone and cartilage [24]. NELL-1 enhanced osteogenic differentiation of osteoblast-
like cells cultured on the surface of titanium [25]. NELL-1 groups exhibited higher bone
mineral density in corticotomy-assisted tooth movement and osteogenesis using a rat model
when compared with the NELL-1 untreated group [26]. In this report, NELL-1 enhanced
osteogenic differentiation of stem cell spheroids. Previous reports showed that alkaline
phosphatase activity was enhanced by NELL-1, with the highest value at 100 ng/mL and
highest osteocalcin expression at 100 ng/mL on Day 18 [25]. In this report, the highest
value was observed at 10 ng/mL for alkaline phosphatase activity on Day 7, and the results
of anthraquinone dye staining showed the highest value at 10 ng/mL compared on Day 14.
ALP activity is reported to be an early marker of osteogenic differentiation [27,28]. It was
shown that the maximal ALP activity of stem cells was obtained on Day 7, which is similar
to the present results [29].

The effects of concentration of NELL-1 have been evaluated in previous studies [15,25].
A mouse osteoblast cell line (MC3T3-E1) was treated with 1, 10, 100, and 500 ng/mL of
NELL-1 [25]. A mouse bone marrow-derived stroma cell line (ST2 cell line) was treated
with NELL-1 at 10, 100, and 500 ng/mL [15]. NELL-1 was applied in four dosages of 1, 10,
50, and 100 ng/mL for stem cells derived from adipose tissue [30]. High concentrations
of 5 and 10 µg/mL were used for bone marrow stem cells from pigs [31]. Similarly, high
concentrations ranging from 0.5 µg/mL to 50 µg/mL were used for various cells including
ST2, MC3T3, C3H10T1/2, M2-10B4, and ATDC5 cells [32]. For animal models, NELL-1
was applied at 700 ng/mL with a total of 3.5 ng for pulp tissue application in non-carious
upper first molars from Wistar rats [7]. Recombinant mouse NELL-1 was applied at
a 1.25 mg/kg concentration by a single intravenous injection from the lateral tail [12].
For corticotomy-assisted tooth movement, NELL-1 was applied at 100 or 300 µg/mL
concentration [26]. Discrepancies in optimal concentrations in osteogenic differentiations
may be due to variations in culture time, culture conditions, and type of model used in
each study [33].
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RUNX2 is known to be a molecular biomarker for osteoblastic differentiation [21,34].
RUNX2 is capable of inducing the synthesis and expression of BGLAP and BGLAP is
considered to be a specific marker of mature osteoblasts [35]. Collagen I was known to be
an osteogenic marker osteogenic supplements led to activation of collagen I expression [36].
We found that NELL-1 treatment upregulated RunX2 and BSP and OCN but not COL11A
in cell spheroids on Day 7. While this shows that NELL-1 is important for the structural
changes required for cell spheroid development, the decrease in COL1A suggests that
NELL-1 is not involved in the formation of the extracellular matrix that is formed later in
bone development. However, this study contains some limitations. The tissue used in this
study was obtained from an individual in old age and this could influence the results [37].
The live/dead assay may detect the cells located on the surface of the spheroids [38].

Several studies have explored the underlying mechanisms modulated by NELL-1 [5,25,39].
NELL-1 is involved in upregulating runt-related transcription factor 2, a key transcription
factor associated with osteoblast differentiation [20,40]. NELL-1 is activated through the
mitogen-activated protein kinase-extracellular signal-regulated kinase signaling pathway
in pre-osteoblasts on titanium surfaces [25]. NELL-1 is reported to bind to integrin β1,
leading to the induction of the Wnt/β-catenin signaling pathway [5]. NELL-1 produced
comparable osteogenic potency with bone morphogenic protein-2, which is approved by
the Food and Drug Administration [24]. However, NELL-1 is shown to enhance bone
defect healing through recruitment of endogenous cells and induction of vascularization,
which may differ from the mechanism of bone morphogenetic protein-2 [15]. Moreover,
NELL-1 has the additional advantage of not having the off-target effects commonly seen
with bone morphogenetic protein-2, leading to wider application for small and large animal
models [41].

This research suggests combined use of NELL-1 and stem cell spheroids. In a previous
report, a synergistic effect was observed from NELL-1, combined with adipose-derived
stem cells on increasing bone formation in osteogenesis imperfecta treatment [12]. Combin-
ing NELL-1 with a smoothened agonist enhanced bone healing, with a significant increase
in both bone volume and bone mineral density [42]. Modification of NELL-1 by polyethy-
lene glycol can result in enhanced pharmacokinetics for systemic therapy [43]. Long-term
expression of NELL-1 can be achieved by viral mediation, which can eliminate or minimize
multiple administrations or dose escalation [12].

The results showed that NELL-1 produced increased osteogenic differentiation with-
out affecting cell viability with increased mRNA expression levels of RUNX2 and BSP.
Based on these findings, NELL-1 can be applied for increased osteogenic differentiation of
stem cell spheroids.

Author Contributions: Conceptualization, J.-H.L., Y.-M.S., S.-K.M., H.-J.L., H.-L.L., M.-J.K., Y.-H.P.,
J.-U.P. and J.-B.P.; methodology, J.-H.L., Y.-M.S., S.-K.M., H.-J.L., H.-L.L., M.-J.K., Y.-H.P., J.-U.P. and
J.-B.P.; formal analysis, J.-H.L., Y.-M.S., S.-K.M., H.-J.L., H.-L.L., M.-J.K., Y.-H.P., J.-U.P. and J.-B.P.;
writing—original draft preparation, J.-H.L., Y.-M.S., S.-K.M., H.-J.L., H.-L.L., M.-J.K., Y.-H.P., J.-U.P.
and J.-B.P.; and writing—review and editing, J.-H.L., Y.-M.S., S.-K.M., H.-J.L., H.-L.L., M.-J.K., Y.-H.P.,
J.-U.P. and J.-B.P. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. 2020R1A2C4001624).

Institutional Review Board Statement: The Institutional Review Board approved the protocol of
the present study after reviewing the document (No. KC19SISI0816 and KC20SISE0733; approved
date: 20 November 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data analyzed during this study are included in this published article.

Conflicts of Interest: The authors declare no conflict of interest.



Medicina 2021, 57, 586 11 of 12

References
1. Zhai, Y.; Wei, R.; Sha, S.; Lin, C.; Wang, H.; Jiang, X.; Liu, G. Effect of NELL1 on lung cancer stemlike cell differentiation. Oncol.

Rep. 2019, 41, 1817–1826. [CrossRef] [PubMed]
2. Zhang, X.; Zara, J.; Siu, R.K.; Ting, K.; Soo, C. The role of NELL-1, a growth factor associated with craniosynostosis, in promoting

bone regeneration. J. Dent. Res. 2010, 89, 865–878. [CrossRef] [PubMed]
3. Chen, X.; Wang, H.; Yu, M.; Kim, J.K.; Qi, H.; Ha, P.; Jiang, W.; Chen, E.; Luo, X.; Needle, R.B.; et al. Cumulative inactivation of

Nell-1 in Wnt1 expressing cell lineages results in craniofacial skeletal hypoplasia and postnatal hydrocephalus. Cell Death Differ.
2020, 27, 1415–1430. [CrossRef]

4. Huang, X.; Cen, X.; Zhang, B.; Liao, Y.; Zhao, Z.; Zhu, G.; Zhao, Z.; Liu, J. The roles of circRFWD2 and circINO80 during
NELL-1-induced osteogenesis. J. Cell. Mol. Med. 2019, 23, 8432–8441. [CrossRef]

5. James, A.W.; Shen, J.; Zhang, X.; Asatrian, G.; Goyal, R.; Kwak, J.H.; Jiang, L.; Bengs, B.; Culiat, C.T.; Turner, A.S.; et al. NELL-1 in
the treatment of osteoporotic bone loss. Nat. Commun. 2015, 6, 7362. [CrossRef] [PubMed]

6. Wang, J.; Liao, J.; Zhang, F.; Song, D.; Lu, M.; Liu, J.; Wei, Q.; Tang, S.; Liu, H.; Fan, J.; et al. NEL-Like Molecule-1 (Nell1) Is
Regulated by Bone Morphogenetic Protein 9 (BMP9) and Potentiates BMP9-Induced Osteogenic Differentiation at the Expense of
Adipogenesis in Mesenchymal Stem Cells. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2017, 41, 484–500.
[CrossRef]

7. Wu, J.; Wang, Q.; Han, Q.; Zhu, H.; Li, M.; Fang, Y.; Wang, X. Effects of Nel-like molecule-1 and bone morphogenetic protein 2
combination on rat pulp repair. J. Mol. Histol. 2019, 50, 253–261. [CrossRef]

8. Li, C.; Zheng, Z.; Ha, P.; Jiang, W.; Berthiaume, E.A.; Lee, S.; Mills, Z.; Pan, H.; Chen, E.C.; Jiang, J.; et al. Neural EGFL like 1
as a potential pro-chondrogenic, anti-inflammatory dual-functional disease-modifying osteoarthritis drug. Biomaterials 2020,
226, 119541. [CrossRef]

9. Reisman, M.; Adams, K.T. Stem cell therapy: A look at current research, regulations, and remaining hurdles. Pharm. Ther. 2014,
39, 846–857.

10. Kang, S.H.; Park, J.B.; Kim, I.; Lee, W.; Kim, H. Assessment of stem cell viability in the initial healing period in rabbits with a
cranial bone defect according to the type and form of scaffold. J. Periodontal Implant. Sci. 2019, 49, 258–267. [CrossRef]

11. Kim, B.B.; Tae, J.Y.; Ko, Y.; Park, J.B. Lovastatin increases the proliferation and osteoblastic differentiation of human gingiva-
derived stem cells in three-dimensional cultures. Exp. Ther. Med. 2019, 18, 3425–3430. [CrossRef] [PubMed]

12. Liu, Y.; Ju, M.; Wang, Z.; Li, J.; Shao, C.; Fu, T.; Jing, Y.; Zhao, Y.; Lv, Z.; Li, G. The synergistic effect of NELL1 and adipose-derived
stem cells on promoting bone formation in osteogenesis imperfecta treatment. Biomed. Pharmacother. 2020, 128, 110235. [CrossRef]

13. Jin, S.H.; Lee, E.M.; Park, J.B.; Kim, K.K.; Ko, Y. Decontamination methods to restore the biocompatibility of contaminated
titanium surfaces. J. Periodontal Implant. Sci. 2019, 49, 193–204. [CrossRef]

14. Linero, I.; Chaparro, O. Paracrine effect of mesenchymal stem cells derived from human adipose tissue in bone regeneration.
PLoS ONE 2014, 9, e107001. [CrossRef] [PubMed]

15. Fahmy-Garcia, S.; van Driel, M.; Witte-Buoma, J.; Walles, H.; van Leeuwen, J.; van Osch, G.; Farrell, E. NELL-1, HMGB1, and
CCN2 Enhance Migration and Vasculogenesis, But Not Osteogenic Differentiation Compared to BMP2. Tissue Eng. Part A 2018,
24, 207–218. [CrossRef]

16. Ryu, N.E.; Lee, S.H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells 2019,
8, 1620. [CrossRef] [PubMed]

17. Lee, S.I.; Ko, Y.; Park, J.B. Evaluation of the osteogenic differentiation of gingiva-derived stem cells grown on culture plates or in
stem cell spheroids: Comparison of two- and three-dimensional cultures. Exp. Ther. Med. 2017, 14, 2434–2438. [CrossRef]

18. Jin, S.H.; Lee, J.E.; Yun, J.H.; Kim, I.; Ko, Y.; Park, J.B. Isolation and characterization of human mesenchymal stem cells from
gingival connective tissue. J. Periodontal Res. 2015, 50, 461–467. [CrossRef]

19. Lee, S.I.; Yeo, S.I.; Kim, B.B.; Ko, Y.; Park, J.B. Formation of size-controllable spheroids using gingiva-derived stem cells and
concave microwells: Morphology and viability tests. Biomed. Rep. 2016, 4, 97–101. [CrossRef]

20. Son, J.; Tae, J.Y.; Min, S.K.; Ko, Y.; Park, J.B. Fibroblast growth factor-4 maintains cellular viability while enhancing osteogenic
differentiation of stem cell spheroids in part by regulating RUNX2 and BGLAP expression. Exp. Ther. Med. 2020, 20, 2013–2020.
[CrossRef]

21. Min, S.K.; Kim, M.; Park, J.B. Insulin-like growth factor 2-enhanced osteogenic differentiation of stem cell spheroids by regulation
of Runx2 and Col1 expression. Exp. Ther. Med. 2021, 21, 383. [CrossRef]

22. Lee, H.; Lee, H.; Na, C.B.; Park, J.B. The effects of simvastatin on cellular viability, stemness and osteogenic differentiation using
3-dimensional cultures of stem cells and osteoblast-like cells. Adv. Clin. Exp. Med. Off. Organ Wroc. Med. Univ. 2019, 28, 699–706.
[CrossRef]

23. Lee, H.; Song, Y.; Park, Y.H.; Uddin, M.S.; Park, J.B. Evaluation of the Effects of Cuminum cyminum on Cellular Viability,
Osteogenic Differentiation and Mineralization of Human Bone Marrow-Derived Stem Cells. Medicina 2021, 57, 38. [CrossRef]
[PubMed]

24. Li, C.; Zhang, X.; Zheng, Z.; Nguyen, A.; Ting, K.; Soo, C. Nell-1 Is a Key Functional Modulator in Osteochondrogenesis and
Beyond. J. Dent. Res. 2019, 98, 1458–1468. [CrossRef] [PubMed]

http://doi.org/10.3892/or.2019.6954
http://www.ncbi.nlm.nih.gov/pubmed/30628703
http://doi.org/10.1177/0022034510376401
http://www.ncbi.nlm.nih.gov/pubmed/20647499
http://doi.org/10.1038/s41418-019-0427-1
http://doi.org/10.1111/jcmm.14726
http://doi.org/10.1038/ncomms8362
http://www.ncbi.nlm.nih.gov/pubmed/26082355
http://doi.org/10.1159/000456885
http://doi.org/10.1007/s10735-019-09822-2
http://doi.org/10.1016/j.biomaterials.2019.119541
http://doi.org/10.5051/jpis.2019.49.4.258
http://doi.org/10.3892/etm.2019.7971
http://www.ncbi.nlm.nih.gov/pubmed/31602217
http://doi.org/10.1016/j.biopha.2020.110235
http://doi.org/10.5051/jpis.2019.49.3.193
http://doi.org/10.1371/journal.pone.0107001
http://www.ncbi.nlm.nih.gov/pubmed/25198551
http://doi.org/10.1089/ten.tea.2016.0537
http://doi.org/10.3390/cells8121620
http://www.ncbi.nlm.nih.gov/pubmed/31842346
http://doi.org/10.3892/etm.2017.4813
http://doi.org/10.1111/jre.12228
http://doi.org/10.3892/br.2015.539
http://doi.org/10.3892/etm.2020.8951
http://doi.org/10.3892/etm.2021.9814
http://doi.org/10.17219/acem/94162
http://doi.org/10.3390/medicina57010038
http://www.ncbi.nlm.nih.gov/pubmed/33406654
http://doi.org/10.1177/0022034519882000
http://www.ncbi.nlm.nih.gov/pubmed/31610747


Medicina 2021, 57, 586 12 of 12

25. Shen, M.J.; Wang, G.G.; Wang, Y.Z.; Xie, J.; Ding, X. Nell-1 Enhances Osteogenic Differentiation of Pre-Osteoblasts on Titanium
Surfaces via the MAPK-ERK Signaling Pathway. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2018, 50,
1522–1534. [CrossRef] [PubMed]

26. Wang, B.; Wu, Y.; Yu, H.; Jiang, L.; Fang, B.; Guo, Q. The effects of NELL on corticotomy-assisted tooth movement and osteogenesis
in a rat model. Bio-Medical Mater. Eng. 2018, 29, 757–771. [CrossRef]

27. Kim, H.S.; Zheng, M.; Kim, D.K.; Lee, W.P.; Yu, S.J.; Kim, B.O. Effects of 1,25-dihydroxyvitamin D(3) on the differentiation of
MC3T3-E1 osteoblast-like cells. J. Periodontal Implant. Sci. 2018, 48, 34–46. [CrossRef]

28. Wrobel, E.; Leszczynska, J.; Brzoska, E. The Characteristics Of Human Bone-Derived Cells (HBDCS) during osteogenesis in vitro.
Cell. Mol. Biol. Lett. 2016, 21, 26. [CrossRef]

29. Tsai, M.T.; Li, W.J.; Tuan, R.S.; Chang, W.H. Modulation of osteogenesis in human mesenchymal stem cells by specific pulsed
electromagnetic field stimulation. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2009, 27, 1169–1174. [CrossRef]

30. Nielsen, E.O.; Chen, L.; Hansen, J.O.; Degn, M.; Overgaard, S.; Ding, M. Optimizing Osteogenic Differentiation of Ovine Adipose-
Derived Stem Cells by Osteogenic Induction Medium and FGFb, BMP2, or NELL1 In Vitro. Stem Cells Int. 2018, 2018, 9781393.
[CrossRef]

31. Liu, L.; Lam, W.M.R.; Naidu, M.; Yang, Z.; Wang, M.; Ren, X.; Hu, T.; Kumarsing, R.; Ting, K.; Goh, J.C.; et al. Synergistic Effect of
NELL-1 and an Ultra-Low Dose of BMP-2 on Spinal Fusion. Tissue Eng. Part A. 2019, 25, 1677–1689. [CrossRef]

32. Shen, J.; James, A.W.; Chung, J.; Lee, K.; Zhang, J.B.; Ho, S.; Lee, K.S.; Kim, T.M.; Niimi, T.; Kuroda, S.; et al. NELL-1 promotes cell
adhesion and differentiation via Integrinbeta1. J. Cell. Biochem. 2012, 113, 3620–3628. [CrossRef]

33. Lee, H.; Min, S.K.; Song, Y.; Park, Y.H.; Park, J.B. Bone morphogenetic protein-7 upregulates genes associated with osteoblast
differentiation, including collagen I, Sp7 and IBSP in gingiva-derived stem cells. Exp. Ther. Med. 2019, 18, 2867–2876. [CrossRef]
[PubMed]

34. Lee, H.-J.; Min, S.-K.; Park, Y.-H.; Park, J.-B. Application of Bone Morphogenetic Protein 7 Enhanced the Osteogenic Differentiation
and Mineralization of Bone Marrow-Derived Stem Cells Cultured on Deproteinized Bovine Bone. Coatings 2021, 11, 642.
[CrossRef]

35. Tae, J.Y.; Ko, Y.; Park, J.B. Evaluation of fibroblast growth factor-2 on the proliferation of osteogenic potential and protein
expression of stem cell spheroids composed of stem cells derived from bone marrow. Exp. Ther. Med. 2019, 18, 326–331. [CrossRef]

36. Lee, H.; Son, J.; Min, S.K.; Na, C.B.; Yi, G.; Koo, H.; Park, J.B. A Study of the Effects of Doxorubicin-Containing Liposomes on
Osteogenesis of 3D Stem Cell Spheroids Derived from Gingiva. Materials 2019, 12, 2693. [CrossRef]

37. Gopinath, S.D.; Rando, T.A. Stem cell review series: Aging of the skeletal muscle stem cell niche. Aging Cell 2008, 7, 590–598.
[CrossRef] [PubMed]

38. Tae, J.-Y.; Park, Y.-H.; Ko, Y.; Park, J.-B. The Effects of Bone Morphogenetic Protein-4 on Cellular Viability, Osteogenic Potential,
and Global Gene Expression on Gingiva-Derived Stem Cell Spheroids. Coatings 2020, 10, 1055. [CrossRef]

39. Li, C.; Zheng, Z.; Jiang, J.; Jiang, W.; Lee, K.; Berthiaume, E.A.; Chen, E.C.; Culiat, C.T.; Zhou, Y.H.; Zhang, X.; et al. Neural
EGFL-Like 1 Regulates Cartilage Maturation through Runt-Related Transcription Factor 3-Mediated Indian Hedgehog Signaling.
Am. J. Pathol. 2018, 188, 392–403. [CrossRef]

40. Liu, T.M.; Lee, E.H. Transcriptional regulatory cascades in Runx2-dependent bone development. Tissue Eng. Part B Rev. 2013, 19,
254–263. [CrossRef] [PubMed]

41. Li, C.; Zheng, Z.; Ha, P.; Chen, X.; Jiang, W.; Sun, S.; Chen, F.; Asatrian, G.; Berthiaume, E.A.; Kim, J.K.; et al. Neurexin Superfamily
Cell Membrane Receptor Contactin-Associated Protein Like-4 (Cntnap4) Is Involved in Neural EGFL-Like 1 (Nell-1)-Responsive
Osteogenesis. J. Bone Miner. Res. Off. J. Am. Soc. Bone Miner. Res. 2018, 33, 1813–1825. [CrossRef] [PubMed]

42. Lee, S.; Wang, C.; Pan, H.C.; Shrestha, S.; Meyers, C.; Ding, C.; Shen, J.; Chen, E.; Lee, M.; Soo, C.; et al. Combining Smoothened
Agonist and NEL-Like Protein-1 Enhances Bone Healing. Plast. Reconstr. Surg. 2017, 139, 1385–1396. [CrossRef] [PubMed]

43. Tanjaya, J.; Lord, E.L.; Wang, C.; Zhang, Y.; Kim, J.K.; Nguyen, A.; Baik, L.; Pan, H.C.; Chen, E.; Kwak, J.H.; et al. The Effects of
Systemic Therapy of PEGylated NEL-Like Protein 1 (NELL-1) on Fracture Healing in Mice. Am. J. Pathol. 2018, 188, 715–727.
[CrossRef] [PubMed]

http://doi.org/10.1159/000494651
http://www.ncbi.nlm.nih.gov/pubmed/30359975
http://doi.org/10.3233/BME-181021
http://doi.org/10.5051/jpis.2018.48.1.34
http://doi.org/10.1186/s11658-016-0027-8
http://doi.org/10.1002/jor.20862
http://doi.org/10.1155/2018/9781393
http://doi.org/10.1089/ten.tea.2019.0124
http://doi.org/10.1002/jcb.24253
http://doi.org/10.3892/etm.2019.7904
http://www.ncbi.nlm.nih.gov/pubmed/31555377
http://doi.org/10.3390/coatings11060642
http://doi.org/10.3892/etm.2019.7543
http://doi.org/10.3390/ma12172693
http://doi.org/10.1111/j.1474-9726.2008.00399.x
http://www.ncbi.nlm.nih.gov/pubmed/18462272
http://doi.org/10.3390/coatings10111055
http://doi.org/10.1016/j.ajpath.2017.09.020
http://doi.org/10.1089/ten.teb.2012.0527
http://www.ncbi.nlm.nih.gov/pubmed/23150948
http://doi.org/10.1002/jbmr.3524
http://www.ncbi.nlm.nih.gov/pubmed/29905970
http://doi.org/10.1097/PRS.0000000000003367
http://www.ncbi.nlm.nih.gov/pubmed/28198775
http://doi.org/10.1016/j.ajpath.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29294300

	Introduction 
	Materials and Methods 
	Fabrication of Stem Cell Spheroids 
	Determination of Cell Viability 
	Activity of Alkaline Phosphatase and the Evaluation of Calcium Deposits 
	Total RNA Extraction and Quantification of RUNX2, BSP, OCN, COL1A1 mRNA by Real-Time Quantitative Polymerase Chain Reaction (qPCR) 
	Statistical Analysis 

	Results 
	Evaluation of Stem Cell Morphology and Determination of Cell Viability 
	Levels of Alkaline Phosphatase Activity and Anthraquinone Dye Assay 
	Evaluation of RUNX2, BSP, OCN, COL1A1 mRNA by qPCR 

	Discussion 
	References

