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Abstract. Cytokines and their intercellular signals regulate the
multipotency of mesenchymal stem cells (MSCs). The present
study established the MSC lines SG‑2, ‑3, and ‑5 from the bone
marrow of green fluorescent protein (GFP)‑transgenic mice.
These cell lines clearly expressed mouse MSC markers Sca‑1
and CD44, and SG‑2 and ‑5 cells retained the potential for osteogenic and adipogenic differentiation in the absence of members
of the transforming growth factor (TGF)‑β superfamily. By
contrast, SG‑3 cells only retained adipogenic differentiation
potential. Analysis of cytokine and cytokine receptor expression
in these SG cell lines showed that bone morphogenetic protein
(BMP) receptor 1B was most highly expressed in the SG‑3
cells, which underwent osteogenesis in response to BMP, while
TGF‑β receptor II was most highly expressed in SG‑3 and ‑5
cells. However, it was unexpectedly noted that phosphorylation
of Smad 2, a major transcription factor, was induced by TGF‑β1
in SG‑2 cells but not in SG‑3 or ‑5 cells. Furthermore, TGF‑β1
clearly induced the expression of Smad‑interacting transcription
factor CCAAT/enhancer binding protein‑β in SG‑2 but not in
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SG‑3 or ‑5 cells. These results demonstrated the establishment
of TGF‑β‑responsive SG‑2 MSCs, BMP‑responsive SG‑3 MSCs
and TGF‑β/BMP‑unresponsive SG‑5 MSCs, each of which was
able to be traced by GFP fluorescence after transplantation into
in vivo experimental models. In conclusion, the present study
suggested that these cell lines may be used to explore how the
TGF‑β superfamily affects the proliferation and differentiation
status of MSCs in vivo.
Introduction
Mesenchymal stem cells (MSCs), which were first derived from
bone marrow, have self‑renewal properties and are able to differentiate into a variety of mesenchymal tissue types (1‑3). In stem
cell therapy, human bone marrow‑derived MSCs (BM‑MSCs)
are expanded in vitro and subsequently autoimplanted, which
eliminates the risk of immune rejection. BM‑MSCs are able to
differentiate into osteoblasts, chondrocytes and adipocytes (4),
and are a major source of bone regeneration and remodeling
during homeostasis (5‑8). In addition, immunophenotype evaluation demonstrated that mouse BM‑MSCs express Sca‑1 and
CD44, but not CD11b or CD45 (9).
The transforming growth factor (TGF)‑ β superfamily
includes the TGF‑ β /activin/Nodal family and the bone
morphogenetic protein (BMP)/growth and differentiation factor (GDF)/Mullerian inhibiting substance (MIS)
family (10). On the cell surface, binding of ligands to receptors
triggers the formation of a tetrameric complex of type I and II
receptors. Type II receptor kinase activates type I receptor
kinase, which transduces the signal through phosphorylation
of receptor‑activated Smads (R‑Smads) (11‑14). Smad proteins
are the central mediators of TGF‑β superfamily signaling.
R‑Smads, including Smad 1, Smad 5 and Smad 8, are primarily
activated by BMP‑specific type I receptors, whereas Smad 2
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and Smad 3 are activated by the TGF‑β‑specific type I receptors. Activated R‑Smads form complexes with the common
mediator Smads (Co‑Smads; e.g., Smad 4), which translocate
into the nucleus, where they and their partner proteins regulate
the transcription of specific target genes. Abnormal intensity
of Smad‑mediated TGF‑ β/BMP signals is associated with
various human diseases, including bone and immune disorders, fibrosis, and cancer progression or metastasis (15). Of
note, TGF‑β superfamily‑induced intracellular signals affect
osteogenesis and adipogenesis of MSCs; for instance, BMP
has been observed to potentiate osteogenic and adipogenic
differentiation of undifferentiated mesenchymal cells (16).
By contrast, TGF‑β potentiates osteogenic differentiation of
BM‑MSCs (17,18), although none of these results have been
confirmed in vivo.
Recent studies have focused on controlling TGF‑β/BMP
signals for the discovery of pharmacotherapeutics; however,
the detection of therapeutic molecular targets in these
pathways has not been successful, probably because most
trials are performed in vitro, not in vivo (19,20). Therefore,
it is important to establish appropriate in vivo experimental
models to evaluate the role of TGF‑ β/BMP signaling in
disease development or healing. The present study aimed to
establish MSC cell lines derived from bone marrow of green
fluorescent protein (GFP)‑transgenic mice; the cells and their
diverse, intracellular BMP and TGF‑β signals can be tracked
after transplantation into in vivo experimental models.
These cell lines are available for in vivo molecular studies
that aim to determine how the TGF‑ β superfamily affects
MSC proliferation and differentiation in diseases including
fibrosis and cancer progression or metastasis (21,22), and in
tissue repair processes, including tissue reconstruction and
anti‑inflammatory responses (23).
Materials and methods
Bone marrow‑derived cells from GFP‑transgenic mice. All
experimental procedures were performed in accordance with
the guidelines established by the Animal Studies Committee
at Iwate Medical University (Iwate, Japan). A total of four
GFP‑transgenic mice (24) were obtained from the Center for
in vivo Science, Iwate Medical University (Iwate, Japan). The
mice were sacrificed by excessive inhalation of CO2. Cells
were flushed from the tibia of three‑week‑old GFP‑transgenic
mice with phosphate‑buffered saline (PBS) containing 0.5%
fetal bovine serum (FBS; PAA Laboratories, GE Healthcare,
Piscataway, NJ, USA) and 2 mM EDTA, and then seeded into
plastic cell culture dishes (Nunc; Thermo Fisher Scientific,
Waltham, MA, USA) with Dulbecco's modified Eagle's
medium (DMEM; Sigma‑Aldrich, St. Louis, MO, USA)
containing 10% FBS. The cells were cultured for 1 week under
hypoxic conditions (5% O2, 5% CO2 and 90% N2). Cells were
re‑plated upon reaching 80% confluence.
Co‑transfection of hTERT and SV40 large T antigen
(SV40LT) genes. The expanded cells were transfected with
pBABE‑neo‑hTERT and pBABE‑pur‑SV40LT plasmids
encoding neomycin and puromycin resistance (provided by
Addgene, Cambridge, MA, USA) with Lipofectamine LTX
(Invitrogen Life Technologies, Carlsbad, CA, USA) according

to manufacturer instructions. Cells were then incubated in
DMEM containing 10% FBS, 150 µg/ml G418 (Gibco‑BRL,
Thermo Fisher Scientific) or 1 µg/ml puromycin (Gibco‑BRL)
under hypoxic conditions for 12‑15 days. The surviving cells
were trypsinized and allowed to grow in 90‑mm culture dishes.
Single‑cell cloning. Single‑cell clones were obtained using the
limited dilution method. After hTERT and SV40LT transfection and selection with G418 and puromycin, the surviving cells
were seeded on a 96‑well plate (Nunc) at 0.5% cells per well,
and then cultured under hypoxic conditions. After 10 days,
the cells were sub‑cultured in 24‑well plates (Nunc). This was
repeated until confluence was reached at 20 days after single cell
cloning. Population doubling (PD) was defined as the number
of doublings required for a single cell to reach confluence in a
60‑mm culture dish (Nunc) under hypoxic conditions. PD was
estimated for clones SG‑2, ‑3, ‑5 and ‑6.
Telomeric repeat amplification protocol. Telomerase activity
in bone marrow‑derived cell lines was assayed by the stretch
PCR method using the Quantitative Telomerase Detection
kit (Allied Biotech, Vallejo, CA, USA) according to manufacturer's instructions. The PCR mixture contained QTD
premixed buffer and SYBR green one dye (cat. no. MT3010;
Allied Biotech, Inc., St. Benicia, CA, USA). Quantification of
telomerase activity was performed under the following amplification conditions using a Thermal Cycler Dice Real Time
system (Takara Bio, Otsu, Japan) according to manufacturer's
instructions: 25˚C for 20 min, initial activation at 95˚C for
10 min, denaturation at 90˚C for 30 s, annealing at 60˚C for
30 s, and a final extension of 40 cycles at 72˚C for 30 s. The
PCR products were separated by 10‑20% polyacrylamide gel
electrophoresis and stained with ethidium bromide.
Detection of SV40LT by immunocytochemistry. Bone
marrow‑derived cell lines were seeded onto eight‑well culture
slides (BD Biosciences, Franklin Lakes, NJ, USA). After
24 h, the cells were fixed with 4% paraformaldehyde and
washed five times with PBS. For detection of SV40LT, cells
were incubated with mouse monoclonal anti‑SV40LT (1:100;
cat. no. ab16879; Abcam, Cambridge, UK) antibody for 1 h at
room temperature. The cells were then incubated with Alexa
Fluor 594 goat polyclonal anti‑mouse secondary antibodies
(1:500; cat. no. A11005; Thermo Fisher Scientific) and DAPI
(1:500; cat. no. D9542; Sigma‑Aldrich) for 30 min at room
temperature. Fluorescence was examined by using a fluorescence microscope (Olympus ix70; Olympus Corporation,
Tokyo, Japan).
Detection of MSC markers by flow cytometry. A total of
1.0x105 bone marrow‑derived cell lines (SG‑2, ‑3, ‑5 and ‑6)
were suspended in PBS containing 0.5 FBS and 2 mM EDTA
and incubated with phycoerythrin‑conjugated monoclonal
anti‑mouse Sca‑1 (1:10; cat. no. 130‑093‑224), monoclonal
anti‑mouse CD44 (1:10; cat. no. 130‑096‑838), monoclonal
anti‑mouse CD11b (1:10; cat. no. 130‑091‑240) or monoclonal
anti‑mouse CD45 (1:10; cat. no. 130‑091‑610) antibody for
1 h at 4˚C in the dark. All antibodies were purchased from
Miltenyi Biotec (Bergisch Gladbach, Germany). Acquisition
was performed using an EPICS XL ADC system (Beckman
Coulter, Brea, CA, USA).
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Figure 1. SG‑2, ‑3, ‑5, and ‑6 cell lines derived from the bone marrow of tibia from GFP‑transgenic mice imaged by phase‑contrast (upper panel) and fluorescence (blue filter; lower panel) microscopy. GFP, green fluorescence protein.

Adipogenic and osteogenic differentiation. In vitro differentiation was performed according to a previous study by our
group (25). To induce osteogenic differentiation, confluent cells
were incubated in osteogenic differentiation medium (ODM)
under hypoxic conditions for two weeks. Bone matrix mineralization was evaluated by Alizarin red S (Sigma‑Aldrich)
staining. To induce adipogenic differentiation, cells were
cultured to near confluence and cultured in adipogenic
differentiation medium (ADM) under hypoxic conditions for
two weeks. At the end of the differentiation period, lipid droplets were stained with Oil Red O (Sigma‑Aldrich).

Signaling Technology, Danvers, MA, USA), rabbit monoclonal anti‑phospho‑Smad 2 (1:1,000; cat. no. 04‑953; Merck
Millipore), or anti‑Smad 2/3 (1:1,000; cat. no. 610843; BD
Biosciences) antibody overnight at 4˚C, with mouse monoclonal anti‑β ‑actin (1:1,000; cat. no. sc‑47778; Santa Cruz
Biotechnology, Dallas, TX, USA) antibody as a loading
control. The blots were incubated with alkaline phosphatase‑conjugated secondary antibody and developed using the
5‑bromo‑4‑chloro‑3'‑indolyphosphate/nitro‑blue tetrazolium
membrane phosphatase substrate system (cat. no. 50‑81‑00;
Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA).

Expression profiling of cytokines and cytokine receptors. Gene
expression profiling was performed using a PrimerArray of
mouse cytokine‑cytokine receptor interaction (Takara Bio) in
combination with a Thermal Cycler Dice Real Time System
(Takara Bio) according to manufacturer's instructions. This
PrimerArray is a set of real‑time reverse transcription‑polymerase chain reaction (RT‑PCR) primers used for the analysis
of RNA expression. The array contains a mixture of 96 primer
pairs for 88 target genes and eight housekeeping genes.
Quantification of gene expression was performed using a
PrimerArray Analysis Tool version 2.0 (Takara Bio).

RNA isolation and RT‑quantitative (q)PCR. SG‑2, ‑3 and
‑5 cells were stimulated with TGF‑ β1 (1‑50 ng/ml; R&D
Systems) for 24 h. Total RNA was isolated using ISOGEN
reagent (Nippongene, Tokyo, Japan) according to the manufacturer's instructions. First‑strand cDNA was synthesized
from total RNA with the PrimeScript RT Reagent kit (Takara
Bio). RT‑qPCR was performed on a Thermal Cycler Dice
Real Time System (Takara Bio) with SYBR Premix Ex
Taq II (Takara Bio). Expression of CCAAT/enhancer binding
protein‑ β (C/EBP β) was normalized to β ‑actin and relative expression levels were calculated as a fold‑increase or
‑decrease relative to the control. Transcripts were detected with
primers (designed using a Perfect Real Time Support system;
Takara Bio) for C/EBPβ (sense, 5'‑GACA AGCTGAGCGAC
GAGTA‑3'; and anti‑sense, 5'‑AGCTGCTCCACCT TCT TC
TG‑3') and β ‑actin (sense, 5'‑CATCCGTAA AGACCTCTA
TGCCAAC‑3' and anti‑sense, 5'‑ATGGAGCCACCGATC
CACA‑3'). For each PCR run, cDNA derived from 50 ng total
RNA was used. Following initial denaturation at 95˚C for 30 s,
a two‑step cycle procedure was used (denaturation at 95˚C for
5 s and annealing and extension at 60˚C for 30 s) for 40 cycles.
The relative mRNA expression levels in each sample were
calculated using the 2‑ΔΔCT method (26).

Western blot analysis. SG‑2, ‑3 and ‑5 cells were serum‑starved
overnight and stimulated with 50 ng/ml BMP‑2 (R&D
Systems, Minneapolis, MN, USA) or 50 ng/ml TGF‑β1 (R&D
Systems). The cells were washed twice with ice‑cold PBS
and then lysed in radioimmunoprecipitation assay buffer
(50 mM Tris‑HCl, pH 7.2, 150 mM NaCl, 1% NP‑40, 0.5%
sodium deoxycholate, and 0.1% SDS) containing protease and
phosphatase inhibitor cocktails (Sigma‑Aldrich). The protein
content was quantified using the bicinchoninic acid method
(Pierce; Thermo Fisher Scientific). Samples containing equal
amounts of protein were separated by 12.5% SDS‑PAGE
and transferred onto a polyvinylidene difluoride membrane
(Merck Millipore, Darmstadt, Germany). After blocking with
5% nonfat dry milk in 50 mM Tris‑HCl, pH 7.2, containing
150 mM NaCl and 0.1% Tween‑20 for 2 h at room temperature, the membrane was incubated with primary rabbit
monoclonal anti‑phospho‑Smad 5 (1:1,000; cat. no. ab92698;
Abcam), anti‑Smad 1/5/8 (1:1,000, cat. no. 12656; Cell

Statistical analysis. All experiments were repeated at least
three times. Representative images or data are shown. Values
are expressed as the mean ± standard deviation. Differences
between control and test samples were analyzed using paired
two‑tailed Student's t‑tests. P<0.05 was considered to indicate
a statistically significant difference between values.
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Figure 2. Immortalizing gene expression in SG‑2, ‑3, ‑5, and ‑6 cells. (A) SV40 large T antigen immunofluorescence imaging with Alexa Fluor 594 and DAPI
(nuclei). (B) Telomerase activity assessed by stretch polymerase chain reaction assay using 10‑20% polyacrylamide gels and visualization with ethidium
bromide, and are representative of three independent experiments. (C) Population doubling under hypoxic conditions. Population doubling and the incubation
day were considered zero when single‑cell cloning was performed. P/N‑ctrl, positive/negative control.

Results
Establishment of cell lines from the bone marrow of
GFP‑transgenic mice. Bone marrow cells were flushed from
the tibia of GFP mice and cultured under hypoxic conditions.
Adherent cells were transformed with hTERT and SV40LT
vectors, yielding four single cell‑derived cell lines SG‑2, ‑3, ‑5
and ‑6. As shown in Fig. 1, the cell lines exhibited fibroblastic
morphology (Fig. 1, upper panel) and GFP fluorescence (Fig. 1,
lower panel). All cell lines exhibited nuclear SV40LT expression
(Fig. 2A). At PD 20, a stretch PCR assay indicated telomerase
activity in all cell lines, but not in the negative control (Fig. 2B).
Thus, the bone marrow‑derived cell lines exhibited telomerase
activity and SV40LT expression. All cell lines grew at a similar
rate of ~1 PD every two days (Fig. 2C). The cells divided at
least 60 times and were passaged >30 times, thus demonstrating
successful immortalization.

in mice and was strongly expressed in SG‑2, ‑3 and ‑5 cells, but
only weakly expressed in SG‑6 cells (Fig. 3). CD44 was detected
at similar levels in all cell lines, although the hematopoietic
stem cell markers CD11b and CD45 were not detected. The
expression patterns of MSC markers suggested that the SG‑2, ‑3
and ‑5 cell lines were MSCs. Next, the present study evaluated
the osteogenic and adipogenic differentiation potentials of these
cell lines. Bone matrix mineralization indicated by Alizarin red
staining was highest in SG‑5 cells (Fig. 4A). Although mineralization was observed in SG‑2 cells, it was markedly lower
than that in SG‑5 and was not detected in SG‑3 and SG‑6 cells.
Thus, SG‑2 and ‑5 cells retained their osteogenic differentiation
potential, although at different levels of efficiency. Lipid droplet
formation indicated by Oil Red O staining was more intense
in SG‑2 cells than in SG‑3 and ‑5 cells (Fig. 4B). Thus, SG‑2,
‑3, and ‑5 retained their adipogenic differentiation potential to
various degrees.

Bone marrow‑derived SG cell lines have MSC‑like features. To
determine their MSC character, the SG‑2, ‑3, 5, and ‑6 cell lines
were analyzed for the expression of mouse MSC markers and
differentiation potential. Sca‑1 is the most reliable MSC marker

Intercellular signaling by TGF‑β and BMP in SG cells. In order
to identify the expression profiles of cytokines and cytokine
receptors in SG cells, the present study performed PrimerArray
analyses and compared the results derived from SG‑2, ‑3 and ‑5
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Figure 3. Identification of mouse mesenchymal stem cell markers in SG‑2, ‑3, ‑5, and ‑6 cell by flow cytometry. The cell lines were incubated with phycoerythrin‑conjugated control immunoglobulin G (black), anti‑Sca‑1 (green), anti‑CD44 (red), anti‑CD11b (yellow), or anti‑CD45 (purple) antibody and acquisition
was performed on a EPICS XL ADC system.

A

B

Figure 4. Differentiation potential of SG‑2, ‑3, ‑5, and ‑6. The cell lines were cultured in (A) ODM or (B) ADM. After 2 weeks, the cells were evaluated for
(A) extracellular matrix mineralization by alizarin red staining and (B) for adipogenic differentiation by Oil‑Red O staining. Ctrl, control; ODM, osteogenic
differentiation medium; ADM, adipogenic differentiation medium.

cells. Differentially expressed genes are shown in Table I. BMP
receptor 1B (Bmpr1b) was most highly expressed in SG‑3 cells,
while TGF‑β receptor II (Tgfbr2) was most highly expressed

in SG‑3 and ‑5 cells, indicating differential sensitivities to
BMP‑2 and TGF‑β. Smad 5, which is a major signaling factor
activated by BMP, was most significantly phosphorylated in
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Table I. Genes for which expression changed by >2‑fold in SG‑2 vs. SG‑3 and SG‑5.
Fold change with SG‑2
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene symbol
Gene name
vs. SG‑3
vs. SG‑5
Bmpr1b
Egfr
Ifngr2
Il17ra
Il18r1
Pdgfrb
Cx3cl1
Tgfbr1
Tgfbr2
Hgf
Kdr
Lepr
Pdgfb
Pdgfra
Prlr
Ccl9
Tnfrsf1b
Cd40
Il2rg
Lifr
Kitl
Cntfr
Cxcl14
Il17rb
Ccl8

Bone morphogenetic protein receptor, type 1B
45.89	‑2.362
Epidermal growth factor receptor
4.228
6.453
Interferon γ receptor 2
1.181	‑3.534
Interleukin 17 receptor A
2.266
1.790
Interleukin 18 receptor 1
3.811
1.007
Platelet derived growth factor receptor, beta polypeptide
2.514
1.625
Chemokine (C‑X3‑C motif) ligand 1
5.315
2.346
Transforming growth factor, beta receptor I
2.056
1.778
Transforming growth factor, beta receptor II
2320
2702
Hepatocyte growth factor
14.83
5.098
Kinase insert domain protein receptor
8.574
2.888
Leptin receptor
2.144
1.495
Platelet‑derived growth factor, B polypeptide
4.823
4.993
Platelet‑derived growth factor receptor, alpha polypeptide
2.329
1.444
Prolactin receptor	‑2.071	‑1.014
Chemokine (C‑C motif) ligand 9	‑2.174
1.050
Tumor necrosis factor receptor superfamily, member 1b
2.129
1.879
CD40 antigen	‑1.319	‑27.48
Interleukin 2 receptor, γ chain
7.160
2.789
Leukemia inhibitory factor receptor
1.602
4.112
Kit ligand
2.000
1.283
Ciliary neurotrophic factor receptor
5.938
5.242
Chemokine (C‑X‑C motif) ligand 14
7.835
5.205
Interleukin 17 receptor B	‑2.250
3.074
Chemokine (C‑C motif) ligand 8
1.919
2.346

BMP 2‑stimulated SG‑3 cells (Fig. 5A). In addition, osteogenic
differentiation in SG‑3 cells was induced by stimulation with
BMP‑2 in a dose‑dependent manner (Fig. 5B), suggesting these
cells retained the capacity to differentiate into adipogenic
(Fig. 4B) and osteogenic lineages. However, phosphorylation of Smad 2, which is activated by TGF‑β, was highest in
the MSC‑like SG‑2 cells in response to TGF‑β1 (Fig. 6A). Of
note, mRNA expression of C/EBPβ, which is an immune‑ and
inflammatory response‑associated as well as Smad‑interacting
transcription factor, was induced in SG‑2 cells by TGF‑β1 in
a dose‑dependent manner (Fig. 6B). Thus, the SG‑3 cells were
BMP‑responsive and the SG‑2 cells were TGF‑β‑responsive,
while SG‑5 cells were BMP/TGF‑β‑unresponsive MSCs.
Discussion
In the present study, the bone marrow of GFP mice was used
to establish three MSC lines immortalized by transfection
with SV40LT and hTERT. SV40LT‑transformed cells are not
tumorigenic (27‑30); therefore, SV40LT is commonly used to
immortalize primary mammalian cells. Another commonly
used gene for immortalization is TERT, which maintains telomere length to enable cells to indefinitely proliferate. TERT
expression is high in stem cells, while it is reduced upon

differentiation. Restoration of TERT activity in normal somatic
cells can lead to their immortalization and may be associated
with the acquisition of characteristics associated with cellular
transformation (31). It has been indicated that ectopic expression of the mouse TERT catalytic sub‑unit does not affect
embryonic stem cell proliferation or differentiation in vitro,
but protects them from cell death during differentiation (32).
Therefore, the cell lines generated in the present study may be
used to study stem cell proliferation and differentiation.
The expression of MSC markers Sca‑1+ and CD44+ and
the absence of hematopoietic stem cell markers CD11b‑ and
CD45‑ were confirmed in SG‑2, ‑3 and ‑5 cells, which exhibited osteogenic and adipogenic differentiation potential. These
results strongly suggested that the MSC‑like potential of the
cells was preserved. The present study focused on cytokines and
cytokine receptors that are expressed specifically in each cell
line to clarify the differentiation mechanism of MSCs: Bmpr1b
was most highly expressed in SG‑3 but not in SG‑2 or ‑5 cells,
whereas Tgfbr2 was most highly expressed in SG‑3 and ‑5 but
not in SG‑2 cells. BMP‑2 induced phosphorylation of Smad 5 in
SG‑3 but not in SG‑2 and ‑5 cells. Furthermore, BMP‑2 induced
osteogenic differentiation of SG‑3 cells but did not affect
osteogenic differentiation in SG‑2 and ‑5 cells (data not shown).
By contrast, TGF‑β unexpectedly but clearly induced Smad 2
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Figure 5. Osteogenic differentiation of SG‑3 cells was induced by BMP‑2. (A) Phosphorylation status was analyzed by western blotting, and the blots are representative of three independent experiments. (B) After 2 weeks of culture in osteogenic differentiation medium containing BMP‑2, bone matrix mineralization
was evaluated by Alizarin red S staining. BMP, bone morphogenetic protein.

A

B

Figure 6. Expression of C/EBP β induced by TGF‑ β in SG‑2 cells. (A) The phosphorylation status was analyzed by western blotting, and the blots are
representative of three independent experiments. (B) Transcript expression of C/EBP β was assessed after 24 h, normalized to β ‑actin and expressed as a
fold‑increase or ‑decrease relative to the control (0 ng/ml TGF‑β). Values are expressed as the mean ± standard deviation. *P<0.05 vs. untreated group. C/EBPβ,
CCAAT/enhancer binding protein‑β; TGF, transforming growth factor; p, phosphorylated.

phosphorylation in SG‑2 cells, in which expression of TGF‑β
receptors I and II was lower than in SG‑3 and ‑5 cells, suggesting
that Smad 2 itself or signal transduction molecules upstream of
Smad 2 may have been inactivated in SG‑3 and ‑5 cells. Thus,
the present study established TGF‑β‑responsive SG‑2 cells,
BMP‑responsive SG‑3 cells and TGF‑β/BMP‑unresponsive
SG‑5 cells that can be traced by GFP fluorescence after transplantation into in vivo experimental models.
Of note, TGF‑β stimulation of SG‑2 induced expression
of C/EBP β, a Smad‑interacting transcription factor (33).
C/EBPβ is a member of the C/EBP family of transcription
factors (C/EBPα, C/EBPβ, C/EBP γ, C/EBPδ, C/EBPε and
C/EBPξ) (34‑36). C/EBPβ was first described in 1990 as a
basic leucine zipper‑structured factor that binds to the interleukin (IL)‑1‑responsive element in the IL‑6 promoter (37).
C/EBPβ is highly expressed in myelomonocytic cells and
macrophages (38‑41). Extracellular signals, including differentiation‑ or proliferation‑inducing agents, hormones, cytokines
and inflammatory substances, as well as bacterial and other
microbial products can activate or inhibit C/EBPβ via distinct
signal transduction pathways. The expression and/or activation of C/EBPβ is regulated by transcriptional mechanisms,
mammalian target of rapamycin (mTOR)‑mediated alternative

translation, post‑translational modifications and protein‑protein
interactions (35,42,43). Upon its activation, C/EBPβ induces
or represses a variety of genes, including cytokines, chemokines and their receptors, other pro‑inflammatory genes and
pro‑proliferative or differentiation‑associated markers, as well
as metabolic enzymes (34). C/EBPβ thereby affects associated
cellular functions, including proliferation (40,42), differentiation
(39,41,44), metabolic regulation (45,46) and orchestration of the
immune response (47‑49). Furthermore, C/EBPβ is implicated
in the pathogenesis of various common diseases, including
cancer, hyper‑/hypo‑inflammation and bacterial/viral infections (34,50). Expression and activation of C/EBPβ induces the
production of monocyte chemotactic protein‑1 (MCP‑1) (51‑54),
a member of the C‑C motif chemokine ligand‑2, which induces
leukocyte migration to inflamed tissues and organs (55,56).
In addition, MCP‑1 is secreted by primary breast tumors and
stimulates migration of MSCs to tumor lesions (57). MCP‑1,
stromal cell‑derived factor‑1, macrophage inflammatory
protein‑1α and monocyte chemotactic protein‑3 are the most
widely reported MSC homing factors (58‑61). Stem cell therapy
relies on the appropriate homing and engraftment capacity of
stem cells (62). Therefore, SG‑2 can be used for in vivo studies
of TGF‑β‑dependent anti‑inflammation and stem cell homing.
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Abnormal intensity of Smad‑mediated TGF‑β/BMP signals
in MSCs is associated with various human diseases, including
bone and immune disorders, fibrosis, and cancer progression
or metastasis. However, the detection of therapeutic molecular
targets for these diseases in the TGF‑ β /BMP signaling
pathways has not been successful as most studies have been
performed in vitro. The present study established MSC lines,
including TGF‑β‑responsive SG‑2, BMP‑responsive SG‑3, and
TGF‑β/BMP‑unresponsive SG‑5 cells, which can be traced by
GFP fluorescence after transplantation into in vivo experimental models. These cell lines can be used to explore how
TGF‑β/BMP‑induced Smad‑mediated signals affect proliferation and differentiation of MSCs in vivo, providing insight into
various human diseases, including bone and immune disorders, fibrosis and cancer progression or metastasis.
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