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Insulin-like growth factor 2-enhanced osteogenic differentiation of
stem cell spheroids by regulation of Runx2 and Coll expression
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Abstract. Insulin-like growth factor 2 (IGF-2) is a growth
factor that is involved in various functions of cells, including
stem cells. The effects of IGF-2 on the cellular viability and
osteogenic differentiation of stem cell spheroids were inves-
tigated in the present study. Stem cell spheroids were formed
using concave microwells in the presence of IGF-2 at final
concentrations of 0, 10 and 100 ng/ml. Cellular viability was
measured qualitatively using a microscope and quantitatively
using an assay kit based on water-soluble tetrazolium salt.
The level of alkaline phosphatase activity, and an anthraqui-
none dye assay for calcium deposit evaluation, were used to
assess osteogenic differentiation. A quantitative PCR analysis
was conducted to evaluate the expression of Runx2 and Coll.
Spheroid formation was noticed on day 1 in the microwells,
and the spheroidal shape was maintained up to day 7. The
cell viability assay values for IGF-2 at 0, 10 and 100 ng/ml
at day 1 were 0.193+0.002, 0.191+0.002 and 0.201+0.006,
respectively (P>0.05). The absorbance values at 405 nm
for the alkaline phosphatase activity assays on day 21 were
0.221+0.006, 0.375+£0.010 and 0.280+0.015 for IGF-2 at
0, 10 and 100 ng/ml, respectively. There were significantly
higher values for IGF-2 in the 10 and 100 ng/ml groups when
compared with the control (P<0.05). Significantly higher
Alizarin red staining was noted for IGF-2 in the 10 ng/ml
group when compared with the unloaded control at day 21
(P<0.05). Quantitative PCR revealed that mRNA levels of
Runx2 and Coll were significantly higher at 100 ng/ml on
day 7. Conclusively, the present study demonstrated that the
application of IGF-2 increased alkaline phosphatase activity,
Alizarin red staining, and Runx2 and Coll expression of stem
cell spheroids.
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Introduction

Insulin-like growth factors (IGFs) are an essential growth
factor system connected in both the development of an
organism and the sustainment of normal function of various
cells of the body (1). IGFs are also reported to possess powerful
anti-apoptotic effects (1). Similarly, IGFs and IGF-binding
proteins may play an important role in tumor proliferation (2).
One kind of IGF, IGF-2, is widely applied for the regulation of
various functions of many cells (3,4). IGF-2 has been shown
to play a critical role in adult neurogenesis and cognitive func-
tion, which results in acting as a memory enhancer (3). IGF-2
enhanced functions of antigen-specific regulatory B cells,
which resulted in enhancing the inhibitory effects on allergic
inflammation (4).

Recently, IGF-2 has been reported to have modulatory
effects on stem cells. IGF-2 modulated hematopoietic stem
cell maintenance (5). IGF-2 promoted stemness of neural
stem cells, evidenced by increased expression of Oct4, Soxl1,
and FABP7 mRNA levels (6). IGF-2 induced the differentia-
tion of hematopoietic stem cells (4). Human mesenchymal
stem cells derived from human bone marrow can differen-
tiate into epithelial-like cells using various growth factors,
including IGF-2, hepatocyte growth factor, keratinocyte
growth factor, and epidermal growth factor (7). IGF-2 facili-
tated the transformation of fibroblasts to myofibroblasts, as
well as enhanced the transformation of stem cells into epithe-
lial cells (8). Moreover, IGF-2 has been shown to potentiate
osteogenic differentiation (9). Three-dimensional in vitro
culturing methods including spheroid culture have been of
great interest because they represent in vivo cell biology
better (10). Spheroids is known to mimic the solid tissues
by simulating the cell-to-cell interaction and secreting their
own extracellular matrix along with displaying differential
nutrient availability (11). Moreover, spheroid culture is
reported to enhance osteogenic differentiation potential of
mesenchymal stem cells (12). The hypothesis of this study
is that the application of IGF-2 may have beneficial effects
on the osteogenic differentiation of stem cells in spheroid
formation without application of the scaffold. This study
was conducted to evaluate the effects of IGF-2 on the main-
tenance of morphology, improvements of cellular viability,
and enhancement of osteogenic differentiation of stem cell
spheroids.
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Materials and methods

Cell spheroids using bone marrow mesenchymal stem cells.
The present study protocol was reviewed and approved by the
Institutional Review Board of Seoul St Mary's Hospital, College
of Medicine, the Catholic University of Korea (KC19SESI0234).
Informed consent was obtained from the participants. All
experiments were performed based on the relevant guidelines
and regulations specified in the Declaration of Helsinki.

Human bone marrow mesenchymal stem cells (BMSCs;
Catholic MASTER cells) were obtained from the Catholic
Institute of Cell Therapy (CIC, Seoul, South Korea). Isolation
and characterization of the BMSCs were performed following
previously reported methods (13). The CIC verified that all
samples showed >90% positive CD 73 and CD 90 expres-
sion. We plated the cells on a culture dish, and cells that were
attached to the dish were removed. We changed the culture
medium every 2 or 3 days. The cells were grown in an incubator
at 37°C with 95% air and 5% CO,.

Fig. 1 shows an overview of the study's design. We used
commercially available concave microwells (H389600,
StemFIT 3D; MicroFIT) to fabricate stem cell spheroids. We
loaded a total of 1x10°BMSCs in each well and evaluated the
cell response. We treated cell spheroids made of BMSCs with
IGF-2 at predetermined concentrations of 0, 10, and 100 ng/ml.
We evaluated the morphological characteristics on Days 1, 3,
5,and 7.

Determination of cellular viability. We cultured stem cell
spheroids in osteogenic media. We used the commercially
available two-color assay based on plasma membrane integrity
and esterase activity (Live/Dead Kit assay, Molecular Probes,)
for qualitative analysis of the stem cell spheroids on Days 1, 3,
5,and 7 (14). We also performed a quantitative cellular viability
test using an assay kit based on water-soluble tetrazolium salt
(Cell Counting Kit-8, Dojindo) (15).

Level of alkaline phosphatase activity and calcium
deposition. The level of alkaline phosphatase activity and an
anthraquinone dye assay for calcium deposit evaluation were
used to assess osteogenic differentiation (16). We obtained
cell spheroids grown on culture plates with osteogenic media
on Days 3, 7, 14, and 21. We used a commercially available
kit (K412-500, BioVision, Inc.) to evaluate level of alkaline
phosphatase activity.

We used an anthraquinone dye assay for calcium deposit
evaluation to assess osteogenic differentiation on Days 7, 14,
and 21 (17). We washed three times with phosphate-buffered
saline and then fixed with 4% paraformaldehyde in phos-
phate-buffered saline at room temperature for 15 min. After
that, we carefully removed the fixative and washed three times
with deionized water. We added 2% Alizarin Red S Staining
solution, and then incubated for 20 min. We removed dye and
washed three times with deionized water. The quantification
of the bound dyes was performed afterwards by adding 10%
cetylpyridinium chloride for 15 min at ambient temperature.
Spectrophotometric quantification was performed at 560 nm.

Total RNA extraction and quantification of Runx2 and Coll
by quantitative polymerase chain reaction. We harvested the
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Figure 1. Schematic overview of the present study's design.
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Figure 2. Morphology of the stem-cell spheroids at days 1, 3,5 and 7. Scale
bar, 200 pym.

cells on Day 7 (18). We isolated total RNA using purification
(Thermo Fisher Scientific, Inc.); RNA was used as a template
for reverse transcription using SuperiorScript II reverse tran-
scriptase (Invitrogen; Thermo Fisher Scientific, Inc.), and we
determined quantities were within ratios of absorbance at
260 and 280 nm spectrophotometrically (ND-2000, Thermo
Fisher Scientific, Inc.).

We detected mRNA expression by quantitative polymerase
chain reaction (18,19). We designed the sense and antisense
primers based on GenBank. The primer sequences were as
follows: Runx2 forward 5': AATGATGGTGTTGACGCT
GA-3"; reverse 5: TTGATACGTGTGGGATGTGG-3"; Coll
forward 5: CCAGAAGAACTGGTACATCAGCAA-3', reverse
5" CGCCATACTCGAACTGGAATC-3', B-actin forward
5'' TGGCACCCAGCACAATGAA-3', and reverse 5': CTA
AGTCATAGTCCGCCTAGAAGCA-3". Normalization was
performed by applying (3-actin as a housekeeping gene.

Statistical analysis. We presented the data as means + standard
deviations of the experiments. Tests of normality and equality of
variances were conducted. We performed two-way analysis of
variance to evaluate the effects of concentration and time points
with Tukey's post hoc test. We tested the differences among
groups by applying one-way analysis of variance with Tukey's
post hoc test (SPSS 12 for Windows, SPSS Inc.; P<0.05).

Results
Formation of cell spheroids with human bone marrow-derived

stem cells. Spheroids were fabricated in each microwell on
Day 1 (Fig. 2). The addition of IGF-2 at 10 and 100 ng/ml
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concentrations did not produce any morphological changes.
Extended incubation on Days 3, 5, and 7 did not show any
morphological changes.

Determination of cellular viability. Qualitative results of the
viability of cell spheroids were analyzed using a Live/Dead kit
assay on Days 1, 3, 5, and 7 (Fig. 3A-D). Most of the cells on
the surface produced green fluorescence, indicating live cells.
The quantitative values for cellular viability on Days 1, 3, 5,
and 7 are shown in Fig. 3E. The relative values for IGF-2 at O,
10, and 100 ng/ml at Day 1 were 0.193+0.002, 0.191+0.002,
and 0.201+0.006, respectively (P>0.05).

Level of alkaline phosphatase activity and calcium deposition.
The levels of the alkaline phosphatase activity assays on
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Figure 3. Live, dead and merged images of stem cell spheroids. (A) Live,
dead and merged images of stem cell spheroids on day 1. Scale bar, 100 ym.
(B) Live, dead and merged images of stem cell spheroids on day 3. Scale bar,
100 pm. (C) Live, dead and merged images of stem cell spheroids on day 5.
Scale bar, 100 ym. (D) Live, dead and merged images of stem cell spheroids
on day 7. Scale bar, 100 ym. (E) Cellular viability was assessed using a Cell
Counting Kit-8 assay on days 1, 3, 5 and 7. "P<0.05 vs. IGF-2 at 0 ng/ml on
day 5; “P<0.05 vs. IGF-2 at 0 ng/ml on day 7. IGF-2, insulin-like growth
factor 2.
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Figure 4. Alkaline phosphatase activity on days 3, 7, 14 and 21. "P<0.05 vs.
IGF-2 at 0 ng/ml on day 3; “P<0.05 vs. IGF-2 at 10 ng/ml on day 3; "P<0.05
vs. IGF-2 at 0 ng/ml on day 7; "P<0.05 vs. IGF-2 at 10 ng/ml on day 7,
$P<0.05 vs. IGF-2 at 0 ng/ml on day 14; ¥P<0.05 vs. IGF-2 at 10 ng/ml on
day 14; 'P<0.05 vs. IGF-2 at 0 ng/ml on day 21; "'P<0.05 vs. IGF-2 at 10 ng/ml
on day 21. IGF-2, insulin-like growth factor 2.
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Figure 5. Results of Alizarin Red S staining on days 7, 14 and 21.
(A) Microscopic evaluation. Scale bar, 200 ym. (B) Quantitative analysis of
Alizarin Red S staining. "P<0.05 vs. IGF-2 at 0 ng/ml on day 14; “P<0.05 vs.
IGF-2 at 10 ng/ml on day 14; “P<0.05 vs. IGF-2 at 0 ng/ml on day 21; *P<0.05
vs. IGF-2 at 10 ng/ml on day 21. IGF-2, insulin-like growth factor 2.

Days 3, 7, 14, and 21 are shown in Fig. 4. The absorbance
values at 405 nm on Day 21 for IGF-2 at 0, 10, and 100 ng/ml
were 0.221+0.006,0.375+0.010, and 0.280+0.015, respectively.
There were significantly higher values for IGF-2 in the 10 and
100 ng/ml groups when compared with the control (P<0.05).

Fig. 5A shows the results for Alizarin Red S staining.
Calcium deposits were clearly noted in each group. The
quantitative results of the anthraquinone dye assay at Days 7,
14, and 21 are shown in Fig. 5B. The absorbance values at
560 nm on Day 21 for IGF-2 at 0, 10, and 100 ng/ml were
0.057+0.002, 0.065+0.002 and 0.053+0.004, respectively.
There were significantly higher values for IGF-2 in the
10 ng/ml group when compared with the unloaded control at
Day 21 (P<0.05).

Evaluation of Runx2 and Coll by reverse transcription-
quantitative polymerase chain reaction. Quantitative
real-time polymerase chain reaction revealed that mRNA
levels of Runx2 were 1.0+0.2, 3.3+0.5, and 4.0+0.9 for IGF-2
at 0, 10, and 100 ng/ml, respectively. The results showed that
the addition of IGF-2 produced a significant increase of Runx2
in 100 ng/ml group (P<0.05) (Fig. 6A).
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Figure 6. Quantification of mRNA expression by reverse transcription-
quantitative polymerase chain reaction on day 7. (A) Expression of Runx2.
(B) Expression of Coll. ‘P<0.05 vs. insulin-like growth factor 2 at 0 and
10 ng/ml. Coll, type I collagen; Runx2, runt-related transcription factor 2.

Reverse transcription-quantitative polymerase chain reac-
tion revealed that mRNA levels of Coll were 1.0+0.1, 0.5+0.1,
and 2.4+0.3 for IGF-2 at 0, 10, and 100 ng/ml, respectively. The
results showed that application of IGF-2 produced a significant
increase of Coll in 100 ng/ml group (P<0.05) (Fig. 6B).

Discussion

This study evaluated the effects of IGF-2 on the maintenance
of morphology, improvements of cellular viability, and
enhancement of osteogenic differentiation of stem cell spher-
oids. Collectively, this study shows that the addition of IGF-2
increased the osteogenic differentiations and Runx2 and Coll
expression of stem cell spheroids.

IGFs are reported to be key regulators for bone growth,
bone repair, and bone remodeling, and IGF-2 has been
shown to be a chemotactic factor for human mesenchymal
progenitor cells (20). IGF-2 rescued microRNA-repressed
osteogenic differentiation (21). An increase in IGF-2 expres-
sion can aid in osteogenic differentiation of BMSCs (22). The
enhanced differentiation of osteoprogenitor cells by IGF-2
was obtained in a dose-dependent pattern (23). In this report,
the IGF-2 significantly produced higher values for alkaline
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phosphatase activity and anthraquinone dye assay. Moreover,
IGF-2 is reported to be involved in the promotion of cell prolif-
eration and survival (24,25). It was reported that the effects of
IGF-2 on cellular behavior are mediated by IGF type I receptor
and it transports survival signals to the cell through a complex
network of signaling mechanisms (26).

The effects of concentration of IGF-2 were tested in
previous reports. While subphysiologic doses of IGF-2
caused a modest stimulation of erythropoiesis, addition of a
physiologic concentration (100 ng/ml) resulted in up to a 4-fold
enhancement in erythroid colony formation (27). Stimulation
of cell migration was noticed with the addition of IGF-2 from
1 to 100 ng/ml in a dose-dependent way (20). In this study,
significantly higher values for alkaline phosphatase activity
assays were seen at 10 and 100 ng/ml. Alizarin Red S staining
data showed that higher values for IGF-2 were seen at 10 ng/ml.
The highest gene expressions of Runx2 and Coll were noted at
100 ng/ml. In general, the application of IGF-2 increased alka-
line phosphatase activity, Alizarin red staining, and Runx2
and Coll expression of stem cell spheroids. The differences in
the overall effects or maximal effective dose may be due to the
culturing condition and culturing period (28).

The effects of IGF-2 may be enhanced synergistically by
applying additional molecules. IGF-2 in combination with
platelet-derived growth factor and neurotrophin-3 resulted in
induction of trans differentiation of muscle-derived cells into
Schwann cell-like cells (29). IGF-2 was delivered with bone
morphogenetic proteins to evaluate the synergistic effects on
osteogenic differentiation (30).

IGF-2 has been proposed to act on via various path-
ways (5,23,31-33). IGF-2 appeared to exert effects on human
marrow erythroid progenitors via a direct mechanism involving
the IGF-1 receptor (31). IGF-2 augmented in vitro hematopoiesis
primarily through its interaction with IGF-1 and possibly insulin
receptors, rather than IGF-2/cation-independent mannose
6-phosphate receptors (32). IGF-2 promoted stemness of stem
cells via the A isoform of the insulin receptor and not through
activation of either the IGF-1 or the IGF-2 receptors (33). IGF-2
regulates hematopoietic stem cell cycle by upregulation of
p57 (5). Moreover, IGF-stimulated osteoprogenitor differentia-
tion is mediated through IGF-1 receptor (23). The change in
the Runx?2 expression can be used as the evaluation tool for
the osteogenic differentiation potential for spheroids (19,34,35).
Further research including the mitogen-activated protein kinase
pathways and Smad signaling pathways may be warranted to
evaluate the underlying mechanism (26,36).

This study evaluated the effects of IGF-2 on the maintenance
of morphology, improvements of cellular viability, and enhance-
ment of osteogenic differentiation of stem cell spheroids.
Collectively, this study shows that the addition of IGF-2 increased
the osteogenic differentiation and Runx2 and Coll expression
of stem cell spheroids. Future studies are warranted for the
application of IGF-2 along with stem cell spheroids to various
models, including in vivo studies using bony defects models in
calvaria, mandible and femur.
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