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Abstract

Previously, we reported that the transcription factor Nanog, which maintains the self-renewal of embryonic stem
cells (ESCs), promotes the osteogenic differentiation of the mouse mesenchymal cell line C3H10T1/2 through a
genome reprogramming process. In the present study, to clarify the mechanism underlying the multipotency of
mesenchymal stem cells (MSCs) and to develop a novel approach to bone regenerative medicine, we attempted
to identify the downstream effectors of Nanog in promoting osteogenic differentiation of mouse mesenchymal
cells. We demonstrated that Runx1 and Runx3 are the downstream effectors of Nanog, especially in the early and
intermediate osteogenic differentiation of the mouse mesenchymal cell line C3H10T1/2.

Introduction

The roles of transcription factors in the maintenance
of stem cell pluripotency or multipotency are important,

but the details of these roles have not yet been determined.
Previously, we reported that the transcription factor Nanog
promotes the osteogenic differentiation of the mouse mes-
enchymal cell line C3H10T1/2 cells through a genome re-
programming process (Ogasawara et al., 2013). Nanog is a
homeodomain transcription factor that maintains the self-
renewal of embryonic stem cells (ESCs) (Chambers et al.,
2003; Mitsui et al., 2003). The forced expression of Nanog in
mouse ESCs maintains the cells’ pluripotency independently
of leukemia inhibitory factor (LIF) signal transduction and
activator of transcription 3 (Stat3) pathway (Chambers et al.,
2003; Mitsui et al., 2003). Nanog is expressed in ESCs and
the inner cell mass of human blastocysts (Hyslop et al., 2005)
and is not expressed in somatic cells, except for some types of
stem cells (Chambers et al., 2003; Mitsui et al., 2003; Riek-
stina et al., 2009). Thus, it is difficult to discuss the physio-
logical role of Nanog in somatic cells. However, there have
been several Nanog overexpression experiments reported in
somatic cells (Go et al., 2008; Kochupurakkal et al., 2008;
Ogasawara et al., 2013; Piestun et al., 2006; Zhang et al.,
2005).

Regarding the cell source for tissue engineering, although
it is expected that ESCs or induced pluripotent stem cells
(iPSCs) will eventually be applied clinically, it is as yet
difficult to do so except for very rare occasions because of
their risk of malignant transformation or problems with
ethics. In this situation, mesenchymal stem cells (MSCs) are
regarded as one of the best cell sources for tissue engineering
among the somatic stem cells because they also have mul-
tipotency; in addition, they present no problems with ethics
and can be obtained easily in a minimally invasive manner.
Therefore, MSCs have already been used for regenerative
medicine in applications such as the treatment of patients
with heart failure, bone or cartilage defects, and more
(Adachi et al., 2005; Hare et al., 2009 Meijer et al., 2008).

When MSCs are used for regenerative medicine, it is
important to obtain enough cells while also maintaining
their multipotency. However, MSCs progressively lose their
multipotency during long-term culture, resulting in the
present limitations of tissue engineering, i.e., the small size
and insufficient quality of the engineered tissues. To over-
come this problem, the effects of several genes, including
Nanog, were investigated (Go et al., 2008; Ogasawara et al.,
2013; Simonsen et al., 2002; Terai et al., 2005). In the
present study, to clarify the mechanisms underlying the
multipotency of MSCs and to develop a novel approach to
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bone regenerative medicine, we sought to discover the
downstream effectors of Nanog in promoting osteogenic
differentiation of mesenchymal cells. Here we show that
Runx1 and Runx3 are the downstream effectors of Nanog,
especially in the early and intermediate osteogenic differ-
entiation of the mouse mesenchymal cell line C3H10T1/2.

Materials and Methods

Growth factors and reagents

Dulbecco’s Modified Eagle Medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin solution, and
trypsin-EDTA solution were purchased from Sigma Che-
mical Co. (St. Louis, MO, USA). Isogen was purchased
from Wako Pure Chemical Industries (Osaka, Japan). Pur-
omycin was purchased from Life Technologies (Carlsbad,
CA, USA). Recombinant human bone morphogenetic pro-
tein-2 (rhBMP-2) was generously provided by Astellas
Pharma Inc. (Tokyo).

Cell culture and induction of osteogenic differentiation

The mouse mesenchymal cell line C3H10T1/2 was pur-
chased from the Riken Cell Bank (Tsukuba, Japan). C3H10T1/
2 cells constitutively expressing green fluorescent protein
(GFP) or Nanog were established as described (Ogasawara
et al., 2013). These cells were cultured in high-glucose DMEM
containing 10% FBS and 1% penicillin/streptomycin. For the
induction of osteogenic differentiation with BMP, we added
rhBMP-2 to the medium at a concentration of 200 ng/mL. Cells
constitutively expressing GFP were used as a control. In each
experiment, we used multiple combinations of cells constitu-
tively expressing GFP and cells constitutively expressing Na-
nog, all of which had been established from the same parental
cells, and we present here representative results.

Total RNA extraction, real-time
reverse-transcription PCA

Total RNA was isolated from the cells with Isogen fol-
lowing the manufacturer’s protocol. Complementary DNA
(cDNA) was synthesized from 1 lg of total RNA with a
PrimeScript � RT Reagent Kit with gDNA Eraser (Perfect
Real Time, Takara Shuzo Co., Shiga, Japan) to generate sin-
gle-stranded cDNA. For real-time PCR, we used the ABI
Prism Sequence Detection System 7000 (Applied Biosystems,
Foster City, CA, USA). Primers were designed based on the
sequences obtained from the GenBank, and we selected am-
plicons of 50–250 bp with a melting temperature between
55�C and 60�C. Aliquots of the first-strand cDNA (1lL) were
amplified with the Fast SYBR� Green Master Mix (Applied
Biosystems) under the following conditions: Initial denatur-
ation for 10 min at 94�C followed by 40 cycles consisting of
15 sec at 94�C and 1 min at 60�C. The sequence of primers
used in real-time PCR for mouse genes (Runx1, Runx2, Runx3,
Col1, osteocalcin, and actin) are available upon request.

We confirmed that the expression levels of actin are
steady under various experimental conditions in our exper-
imental model, and we used actin as a housekeeping gene.

von Kossa staining

von Kossa staining was performed as described (Kugi-
miya et al., 2005). Briefly, C3H10T1/2 cells were inoculated

at 1 · 105 cells per well in a 24-well plate and cultured in
DMEM containing 10% FBS with or without rhBMP-2
(200 ng/mL). After being cultured for 21 days, the cells were
rinsed with phosphate-buffered saline (PBS), fixed with
100% ethanol at room temperature for 15 min, stained with
5% silver nitrate solution (Wako) under ultraviolet light for
10 min, and incubated for 2 min with 1% sodium thiosulfate
solution (Wako).

DNA microarray analysis

DNA microarray analysis was performed as described
(Ogasawara et al., 2013). Briefly, a 250-ng aliquot of total
RNA from Nanog-expressing cells or GFP-expressing cells
cultured for 7 days with rhBMP-2 (200 ng/mL) was used for
the first- and second-strand cDNA synthesis. RNA was
isolated from the cells with a High Pure RNA Isolation Kit
(Roche, Mannheim, Germany) following the manufacturer’s
protocol. The double-stranded cDNA was used for in vitro
translation by a biotin-labeling reaction, using a GeneChip�

3¢ IVT Express Kit (Affymetrix, Santa Clara, CA) according
to the manufacturer’s instructions. The resulting labeled
cRNAs were hybridized in GeneChip� Mouse Genome 430
2.0 Arrays (Affymetrix) using a GeneChip� Hybridization,
Wash, and Stain Kit (Affymetrix) and scanned according to
the manufacturer’s instructions.

RNA interference

Runx1siRNA(m) (sc-37678), Runx3siRNA(m) (sc-37680),
siRNA TransfectionReagent (sc-29528), siRNA Transfection
Medium (sc-36868), and Control siRNA-A (sc-37007) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). For RNA interference (RNAi), 2 · 105 cells were in-
oculated onto six-well plates and cultured in DMEM con-
taining 10% FBS for 20–24 h, then transfected with 4 lL of
siRNA duplex (10 lM) of Runx1siRNA or Runx3siRNA or
Control siRNA-A, using siRNA Transfection Reagent and
siRNA Transfection Medium according to the manufacturer’s
instructions. Twenty-four hours after transfection, the media
were changed to fresh DMEM containing 10% FBS supple-
mented with or without rhBMP-2. The cells were then cul-
tured for 48–72 h, and the total RNA was isolated.

Statistical analysis

The group means were compared by an analysis of vari-
ance (ANOVA), and the significance of differences was
determined by post hoc testing using the Bonferroni method.

Results

Calcification of C3H10T1/2 cells
by forced Nanog expression

First, to reconfirm the promoted osteogenic differentiation
by constitutively forced Nanog expression in mesenchymal
cells (Ogasawara et al., 2013), we checked the calcification
levels of C3H10T1/2 cells transduced with the Nanog or
control GFP gene using a retrovirus vector. von Kossa
staining showed that there was an increase of calcified cells
among the cells showing constitutive Nanog expression
compared to the cells constitutively expressing GFP, irre-
spective of the presence of rhBMP-2 (Fig. 1). Taking this
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finding and those of our previous study (Ogasawara et al.,
2013) together, it was reconfirmed that the constitutive ex-
pression of Nanog promoted all steps of osteogenic differ-
entiation.

Runx1 and Runx3 as downstream effectors of Nanog

Following our previous report, we performed a DNA
microarray analysis to identify downstream molecules in-
volved in the promotion of osteogenic differentiation by
forced Nanog expression. Between GFP-expressing and
Nanog-expressing cells cultured with rhBMP-2, the ex-
pression of about 1000 genes showed a more than two-fold
increase (log2Ratio > 1) or decrease (log2Ratio < 0.5).
From the up-regulated genes, we selected several genes as
candidates that could regulate osteogenic differentiation as
downstream effectors of Nanog. Among these genes, we
focused here on Runt-related transcription factor (Runx)1
and Runx3, in consideration of both the log2Ratio (Runx1,
3.45; Runx3, 1.61) and findings gathered from the literature
(Kimura et al., 2010; Liakhovitskaia et al., 2010; Lian et al.,
2003; Smith et al., 2005; Soung do et al., 2007; Wang et al.,
2005; Yamashiro et al., 2004; Yano et al., 2013; Yoshida
et al., 2004).

Because we performed the DNA microarray analysis with
the culture period of 7 days, we monitored the change in the
expression levels of Runx1/Runx3 in each cell line within a
week. We also focused on the differences seen between
Nanog-expressing cells and control GFP-expressing cells
because the aim of the present study was to investigate the
downstream effectors of Nanog in the promoted osteogenic
differentiation of mesenchymal cells.

The real-time quantitative RT-PCR analyses confirmed
that that there were significant up-regulations of both Runx1
(Fig. 2A) and Runx3 (Fig. 3A) in the Nanog-expressing cells

compared to the level in the GFP-expressing cells. These
were also true for the other groups of cells (Figs. 2B, 3B).
Next, to investigate the functional relevance of Runx1 or
Runx3 to the osteogenic differentiation promoted by Nanog,
we knocked down Runx1 or Runx3 mRNA in Nanog-ex-
pressing cells through small RNA interference (siRNA). In
the culture condition with rhBMP-2, type I collagen mRNA
was suppressed by both siRunx1 (Fig. 2C) and siRunx3 (Fig.
3C), although osteocalcin mRNA was not affected (Fig. 2C
and Fig. 3C). In the culture condition without rhBMP-2,
siRunx1 suppressed both type I collagen and osteocalcin
mRNA (Fig. 2D). As for siRunx3, we could not obtain en-
ough reproducible data to make a conclusion about the
function of Runx3 in the culture condition without rhBMP-2
(data not shown).

These data suggested that Runx1 and Runx3 might be
downstream effectors of Nanog, especially in the early and
intermediate osteogenic differentiation. We did not monitor
alkaline phosphatase (ALP) mRNA because it was demon-
strated that ALP is not suitable to evaluate the effects of
Nanog, at least for the first 72 h (Ogasawara et al. 2013).
Concerning Runx2, which is the master regulator of osteo-
blast differentiation and bone formation, the DNA micro-
array analysis did not show a more than two-fold increase
(log2Ratio = - 0.76) of Runx2. In agreement with the results
of our DNA microarray analysis, the real-time quantitative
RT-PCR analyses also demonstrated that the expression
levels of Runx2 were not so dramatically upregulated by
forced Nanog expression, compared with Runx1 or Runx3.
In addition, the patterns of Runx2 upregulation varied de-
pending on the groups of clones (data not shown).

Discussion

Transcription factors are important in the mechanisms
underlying the maintenance of stem cell pluripotency. For
instance, it has been shown that Oct3/4, Sox2, and Nanog
function as core transcription factors in maintaining the
pluripotency of ESCs (Boyer et al., 2005; Loh et al., 2006).
In addition, iPSCs were initially established from somatic
cells by introducing four transcription factors—Oct3/4,
Sox2, c-Myc, and Klf4 (Takahashi and Yamanaka, 2006;
Takahashi et al., 2007). As for the maintenance of the
multipotency of MSCs, the involvement of Nanog and Sox2
was reported in the promotion of the osteogenic differenti-
ation of MSCs (Go et al., 2008; Ogasawara et al., 2013).

From the clinical point of view, it is important to identify
the downstream effectors of the critical transcription factors
regulating the pluripotency or multipotency of stem cells
because the targets of downstream effectors are thought to
be more specific than those of upstream molecules. In other
words, the clinical application of downstream effectors
might circumvent or decrease side effects compared with the
application of their upstream molecules.

We reported that the transcription factor Nanog promotes
the osteogenic differentiation of mouse mesenchymal
C3H10T1/2 cells through a genome reprogramming process,
and we also identified nuclear factor of activated T cells c1
(NFATc1) as one of the downstream effectors (Ogasawara
et al., 2013). In the present study, to clarify the mechanism
underlying the pluripotency or multipotency of stem cells
for the advancement of stem cell biology and bone

FIG. 1. Effects of constitutive Nanog expression on the
calcification of C3H10T1/2 cells. (A) von Kossa staining of
GFP- or Nanog-expressing cells cultured in the presence or
absence of rhBMP-2 at 21 days. (B) High-magnification
image of von Kossa staining of GFP- or Nanog-expressing
cells cultured in the presence of rhBMP-2 at 21 days. Bar,
200 lm.
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FIG. 2. Runx1 as a downstream effector of Nanog. Results of the real-time RT-PCR conducted to measure the expression
levels of Runx1 in GFP-expressing cells and Nanog-expressing cells cultured with or without rhBMP-2 for the indicated
times (group A) (A) and those cultured with or without rhBMP-2 for 3 days (group B) (B). Quantities of mRNA are
indicated as the levels in 1 lg of total RNA. Bars, means – standard deviation (SD) for three wells/group. (*) Significant
stimulation at p < 0.001 compared to GFP. (#) Significant stimulation at p < 0.005 compared to GFP. We used multiple
combinations of cells that had the same origin (parental cells) in each experiment. We measured the expression levels of
Runx1, Col1, and osteocalcin in Nanog-expressing cells transfected with control siRNA or Runx1 siRNA and cultured with
rhBMP-2 (C) or without rhBMP-2 (D) by quantitative real-time RT-PCR. Quantities of mRNA are indicated as the levels in
1 lg of total RNA. Bars, means – standard deviation (SD) for three wells/group. (*) Significant inhibition at p < 0.01
compared to the control siRNA. (#) Significant inhibition at p < 0.05 compared to the control siRNA. d, days.
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regenerative medicine, we sought to find downstream ef-
fectors of Nanog other than NFATc1.

First, we reconfirmed that Nanog promotes osteogenic
differentiation of C3H10T1/2 cells, including calcification.
Next, we discovered that Runx1 and Runx3 were upregu-
lated by forced Nanog expression in C3H10T1/2 cells. We
also demonstrated that knockdown of Runx1 or Runx3
mRNA in Nanog-expressing cells through siRNA inhibits
the expression levels of osteogenic differentiation markers’
mRNA. It is noteworthy that the promoted osteogenic dif-

ferentiation of C3H10T1/2 cells by Nanog was accompanied
by the significant upregulation of both Runx1 and Runx3,
but not by that of Runx2, which is a master regulator of os-
teoblast differentiation (Komori et al., 1997; Otto et al., 1997).

The Runx family has been studied extensively. Runx1 is
an essential transcription factor for definitive hematopoiesis
(Okuda et al., 1996), Runx2 is a master transcription factor
in osteoblast differentiation and bone formation (Komori
et al., 1997; Otto et al., 1997), and Runx3 plays a role in the
development of certain neurons (Inoue et al., 2003; Levanon
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FIG. 3. Runx3 as a downstream effector of Nanog. We measured the expression levels of Runx3 in GFP-expressing cells
and Nanog-expressing cells cultured with or without rhBMP-2 for the indicated times (group A) (A) and those cultured with
or without rhBMP-2 for 3 days (group B) (B) by quantitative real-time RT-PCR. Quantities of mRNA are indicated as the
levels in 1 lg of total RNA. Bars, means – standard deviation (SD) for three wells/group. (*) Significant stimulation at
p < 0.001 compared to GFP. (#) Significant stimulation at p < 0.05 compared to GFP. We used multiple combinations of cells
as described in the Fig. 2 legend. (C) We measured the expression levels of Runx3, Col1, and osteocalcin in Nanog-
expressing cells transfected with control siRNA or Runx3 siRNA and cultured with rhBMP-2 by quantitative real-time RT-
PCR. Quantities of mRNA are indicated as the levels in 1 lg of total RNA. Bars, means – standard deviation (SD) for three
wells/group. (*) Significant inhibition at p < 0.01 compared to the control siRNA. d, days.
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et al., 2002) in addition to its antioncogenic role in the
gastric mucosa (Li et al., 2002).

Because all three Runx proteins bind to the same con-
sensus sequence, it is possible that Runx1, Runx2, and
Runx3 can mutually compensate for each function in most
developing skeletal structures. In fact, there is evidence that
not only Runx2 but also Runx1 and Runx3 are involved in
the regulation of skeletal systems both in vivo and in vitro.
In the mesenchymal condensations during early skeletal
development, the co-expression of Runx1 and Runx2 was
detected (Smith et al., 2005; Wang et al., 2005; Yamashiro
et al., 2004). Runx1 plays an essential role in the develop-
ment of the sternum (Kimura et al., 2010; Liakhovitskaia
et al., 2010) and Runx1 functions in concert with Runx2
during sternal morphogenesis (Kimura et al., 2010).

Moreover, Runx2 and Runx3 have been shown to be
functionally redundant in chondrocyte maturation on the
basis of the finding that chondrocyte maturation is com-
pletely absent in Runx2 and Runx3 double-deficient mice,
but not in Runx2-deficient mice (Yoshida et al., 2004).

In vitro studies revealed that Runx1 and Runx2 are co-
expressed during the early differentiation of skeletal mes-
enchymal cells, but Runx1 expression decreases during the
maturation of chondrocytes and osteoblasts (Lian et al.,
2003; Wang et al., 2005). The forced expression of Runx1 in
C3H10T1/2 cells promotes chondrogenic differentiation
(Wang et al., 2005; Yano et al., 2013). In addition, the
knockdown of Runx1 in both RCJ3.1C5.18 chondrogenic
cells and C3H10T1/2 cells stimulated them to differentiate
into chondrocytes, leading to the inhibition of chondrocyte
differentiation (Wang et al., 2005; Yano et al., 2013).

In contrast, the role of Runx3 in the control of mesen-
chymal cell differentiation is thought to be more complex
and diverse. For example, the gain or loss of the function of
Runx3 in the MLB13MYC clone 17 (a prechondroblastic
cell line) promotes or inhibits representative chondrogenic
differentiation markers time dependently (Soung do et al.,
2007). Concerning molecules interacting with Runx1, Yano
and co-workers reported that a small thienoindazole deriva-
tive compound promoted the chondrogenic differentiation of
C3H10T1/2 cells through the induction of Runx1, Sox5, and
Sox6 (Yano et al., 2013). In addition, Runx1 has been shown
to regulate both sternal morphogenesis and the commitment
of mesenchymal cells to differentiate to chondrocytes via the
induction of Sox5 and Sox6 (Kimura et al., 2010).

Taking these previous studies and our present work into
consideration, it is tempting to propose that Runx1 and
Runx3 are definitive regulators that maintain MSC multi-
potency and that the roles of Runx1 and Runx3 in the pro-
motion of osteogenic or chondrogenic differentiation could
be different, depending on the differentiation stage and their
interaction with the other molecules involved. We consider
these points as one of the causes of several complexities
seen in the results of our siRunx1/Runx3 experiments. In the
culture condition without rhBMP-2, osteocalcin expression
was suppressed by siRunx1. The effects of siRunx3 varied,
and we could not make any conclusion about the role of
Runx3 induced by Nanog in the present study.

Further studies are required for a deeper understanding of
the roles of Runx1 and Runx3 in the maintenance of the
multipotency of MSCs. In particular, we speculate that the
identification of the molecules interacting with Runx1/

Runx3 might provide clues that could help answer this
question. We also consider it important to determine the
downstream factors of Nanog that control late osteogenic
differentiation, because we found that NFATc1, Runx1, and
Runx3 mainly regulated Col1, which is an early to inter-
mediate osteogenic differentiation marker. To this end, we
have been analyzing other molecules with a focus on tran-
scription factors, on the basis of the results obtained from
the DNA microarray analysis.

In conclusion, the findings obtained in this study provide
several lines of evidence that Runx1 and Runx3 are down-
stream effectors of Nanog in the promoted osteogenic dif-
ferentiation of the mouse mesenchymal cell line C3H10T1/
2, which function especially in early to intermediate osteo-
genic differentiation.
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