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Abstract Osteosarcoma (OS) is the most common pri-

mary bone tumor in children and adolescents, typically

presenting with poor prognosis. Recent studies suggested

that tumor initiating cells (T-ICs) drive tumor formation

and relapse or metastasis and are relatively resistant to cell

death induced by conventional chemo- and radiotherapies.

Therefore, the poor prognosis of OS appears to be associ-

ated with T-ICs. Here, we enriched T-ICs in OS cell lines

and evaluated whether the imprinted gene TSSC3 (tumor-

suppressing STF cDNA 3) associated with apoptosis could

affect T-ICs in OS. Sarcosphere selection and serial clone-

forming unit assays were successfully used to enrich T-ICs

from OS cell lines. Enrichment of T-ICs from a malig-

nantly transformed hFOB1.19 osteoblast cell line (MTh-

FOB1.19) indicated that OS T-ICs could originate from

differentiated cells, and most of these MThFOB1.19 cells

showed stem-like features. TSSC3 was expressed at a low

level in T-ICs, while overexpression of TSSC3 could

efficiently downregulate the expression of stem cell

markers Nanog, Oct4 and Sox2 in T-ICs and decrease the

clone formation rate, as well as downregulate tumorigen-

esis in MThFOB1.19 cells, supporting a suppressive role

for TSSC3 in OS T-ICs. Furthermore, overexpression of

TSSC3 was found to induce apoptosis of OS T-ICs through

increasing cleaved caspase-3 (active form), increasing the

release of Cyt c and decreasing pro-caspase-9 (pro-enzyme

form), as well as disruption of the mitochondrial membrane

potential (DW). Taken together, our findings provide pre-

liminary evidence that TSSC3 inhibits OS tumorigenicity

through reducing stemness and promoting apoptosis of

T-ICs. Thus, targeting TSSC3 may be a promising

approach to suppressing tumorigenicity in OS.
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Abbreviations

DW Membrane potential (mitochondrial)

DMEM Dulbecco’s minimal essential medium

FBS Fetal bovine serum

OS Osteosarcoma

PI Propidium iodide

T-ICs Tumor initiating cells

TSCs Tumor stem cells

TSSC3 Tumor-suppressing STF cDNA 3

Introduction

Osteosarcoma (OS) is one of the most common primary

malignant tumors of the bone. High incidence rates of lung

metastasis renders this malignant tumor particularly

refractory to standard therapies. Emerging lines of evi-

dence have confirmed that tumor stem cells (TSCs) or

tumor initiating cells (T-ICs) drive tumor initiation and

tumor relapse or metastasis [1–4]. T-ICs are a small subset

of cancer cells, which constitute a reservoir of self-sus-

taining cells with the exclusive ability to self-renew and

maintain the tumor [3, 5]. These T-ICs have been proposed

to arise either from normal stem cells and progenitor or

terminally differentiated cells [5, 6]. Recent studies
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indicate that solid tumors of different origins, including

OS, are also driven by TSCs or T-ICs. OS may arise

from either mesenchymal stem cells (MSCs) or

osteoprogenitors [7]. Although human OS T-ICs have not

been fully characterized, such stem-like tumor cells are

thought to play a key role in chemoresistance and

metastasis of OS [8]. Improved targeted gene therapies

and chemosensitization strategies are therefore needed to

eradicate T-ICs in OS.

Since Gibbs et al. [9] first identified a subpopulation of

stem-like cells in bone sarcomas using a neurosphere cul-

ture system, the existence of T-ICs in OS have been con-

firmed in different cell lines and human specimens by

various means [10–13]. Although the methods utilized to

detect OS T-ICs show populations with enriched stem cell-

like characteristics, no specific markers for OS T-ICs have

been established. The expressions of stem cell-like

markers, such as Oct4, Nanog and Sox2, are always

upregulated in T-ICs [9, 12, 14, 15]; however, it is

inconvenient to use these markers for isolation. Further-

more, most commonly used human osteosarcoma cell lines,

such as SaOS2, MG63 and U2OS cells, do not grow effi-

ciently in animal models, hindering further research on the

in vivo tumorigenic ability of isolated T-ICs and confirm

their stem cell nature. Investigation of biological charac-

teristics of T-ICs will require the establishment of appro-

priate OS models. Recent studies have shown that poorly

differentiated human tumors contain higher numbers of

T-ICs than well-differentiated tumors [16], which can be

verified by testing their in vivo tumorigenicity.

Alterations of chromosomal regions, inactivation of

tumor suppressor genes and the deregulation of major

signaling pathways have been implicated in OS formation

and progression [7]. Our previous study revealed that

changes in expression of imprinted oncogenes are involved

in OS tumorigenesis [17]. Among them, overexpression of

TSSC3 (tumor-suppressing STF cDNA 3), the first apop-

tosis-related gene found to be imprinted [18], was associ-

ated with growth inhibition and apoptotic induction in

human OS [19]. Whether TSSC3 plays a role in the gen-

eration or affects the behavior of OS T-ICs remains

unknown.

In the present study, we successfully used two dif-

ferent methods to enrich T-ICs in OS cell lines, MG63,

SaOS2 and a poorly differentiated OS cell line, MTh-

FOB1.19, which was malignantly transformed by our lab

from the osteoblast cell line hFOB1.19 [17]. Our results

demonstrated that OS T-ICs could originate from dif-

ferentiated osteoblast cells, and most MThFOB1.19 cells

showed stem-like features. Additionally, overexpression

of TSSC3 could inhibit OS tumorigenicity through

reducing T-IC stemness and inducing apoptosis in this

cell population.

Materials and methods

Cell culture

MThFOB1.19 cells were established in our lab, treated

sequentially by an initiating factor, N-methyl-N0-nitro-

N-nitrosoguanidine (MNNG), and a promoter, 12-O-

tetradecanoyl phorbol-13-acetate (TPA), as described

previously [17]. Cells were cultured in Dulbecco’s minimal

essential medium (DMEM)/Ham’s F12 medium (Hyclone,

Logan, UT, USA), supplemented with 10 % fetal bovine

serum (FBS, Gibco, Grand Island, NY, USA), 100 U/ml

penicillin G (Gibco) and 100 U/ml streptomycin (Gibco).

Human OS cell lines SaOS2 and MG63 were obtained from

American Type Culture Collection (ATCC, Manassas, VA,

USA) and maintained in RPMI1640 (Gibco) with 10 %

FBS (Gibco).

Sarcosphere formation assay

MThFOB1.19, MG63 and SaOS2 cells were seeded in

96-well plates (Corning Costar, Corning, NY, USA) at

1 cell/well with 100 ll stem cell medium consisting of

DMEM/F12 (Gibco), B27 (19 Gibco), recombinant human

epidermal growth factor (rhEGF, 20 ng/ml, Sigma, St.

Louis, MO, USA), basic fibroblast growth factor (bFGF,

20 ng/ml, Sigma, USA). The stem cell medium was

changed every 3 days, and cells were observed every day

by microscopy. After the primary tumor spheres reached

approximately 100–150 cells/sphere, they were dissociated

and replanted into 96-well plates with 1 cell/well cultured

with stem cell medium. The secondary spheres derived

from single cells of the primary tumor spheres were

examined by microscopy.

Serial clonogenic assay

To determine ability of the cells to self-renew, single-cell

suspensions were prepared as described previously [20].

The cells were seeded in 96-well plates (Corning Costar) at

a density of 1 cell/well and cultured in complete growth

medium supplemented with 10 % FBS. Clones were

observed daily under the microscope, and wells containing

no cells or more than 1 cell were excluded. After most cell

clones expanded to [200 cells, the cells were dissociated

and replanted in new 96-well plates to generate subclones.

Tumorigenic assay

Cells were injected subcutaneously (s.c., 5 9 105,

5 9 104) into 4-week-old female nude mice (Center of

Experimental Animals, Third Military Medical University,

Chongqing, China). Mice were treated according to the
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guidelines of the Third Military Medical University Ani-

mal Committee. Tumor formation was examined every

day. The mice were sacrificed 6 weeks after implantation.

Adipogenic differentiation and oil red O staining

Induction of adipogenesis in MThFOB1.19 cells was per-

formed in Human Mesenchymal Stem Cell Adipogenic

Differentiation Medium according to the manufacturer’s

protocol (Cyagen, Shanghai, China). In brief, cells were

plated in 6-well plates (Corning Costar) the day before the

initiation of adipogenesis by incubation in solution A for

72 h. Solution A was changed to solution B for 24 h and

then switched to solution A again. After alternating incu-

bations with these two media solutions three times, cells

were incubated in solution A for an additional 72 h. Sub-

sequently, cells were fixed with 4 % paraformaldehyde

(PFA) and then stained with filtered Oil Red O solution

(0.3 % Oil Red O in 60 % isopropanol) for 15 min. The

nuclei were stained with hematoxylin.

Real-time PCR analysis

Total RNA was extracted from cells using Trizol reagent

(TaKaRa, Dalian, China) according to the manufacturer’s

protocol. Total RNA was reverse transcribed by using the

PrimeScript RT Reagent Kit (TaKaRa). Real-time PCR

was performed with SYBR PrimeScript RT-PCR Kit

(TaKaRa) according to the manufacturer’s instructions.

Real-time PCR cycles were as follows: initiation with a

3-min denaturation at 95 �C, followed by 40 amplification

cycles with 15 s of denaturation at 95 �C, 30 s of annealing

at 60 �C and 30 s of extension at 72 �C, levels of expres-

sion were normalized to the glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) housekeeping gene. The exam-

ined genes and their PCR primers are listed in Table 1.

Immunofluorescence

For immunofluorescence staining, cell suspensions were

seeded onto glass coverslips in DMEM with 10 % FBS for

24 h. The cells were then fixed with 4 % PFA and blocked

with normal goat serum (Zhongshan, Peking, China). The

cells were washed three times with 0.01 M PBS and then

incubated with antibodies to TSSC3 (goat polyclonal IgG,

1:100 dilution; Santa Cruz Biotechnology, Inc., Santa

Cruz, CA, USA), Nanog (mouse monoclonal IgG, 1:500,

Abcam, Hong Kong, China), Oct4 (mouse monoclonal

IgG, 1:500, Abcam), Sox2 (mouse monoclonal IgG, 1:500,

Abcam), Bcl2 (rabbit polyclonal IgG, 1:50 dilution; Santa

Cruz), pro-caspase-8 (rabbit polyclonal IgG, 1:50 dilution;

Santa Cruz) and pro-caspase-9 (rabbit polyclonal IgG, 1:50

dilution; Santa Cruz) at 4 �C overnight, followed by

detection with appropriate secondary antibodies (Cy3 Red

goat anti-mouse, Cy3 Red goat anti-rabbit, and FITC Green

rabbit anti-goat; Boster, Wuhan, China). The cells were

counterstained with Hochest33342 (Beyotime, Shanghai,

China) to visualize nuclei. Finally, the coverslips were

analyzed by laser confocal scanning microscopy (SP-5,

Leica, Mannheim, Germany).

Overexpression of TSSC3

The GeneSwitchTM system (Invitrogen, Carlsbad, CA,

USA) was kindly provided by Chen Qian (Institute of

Pathology, Southwest Hospital, Third Military Medical

Table 1 Primer sequences for real-time PCR

Gene Primer sequences Product

size

GAPDH 50CTTTGGTATCGTGGAAGGACTC30

50GTAGAGGCAGGGATGATGTTCT30
132

Nanog 50TTTGTGGGCCTGAAGAAAACT30

50AGGGCTGTCCTGAATAAGCAG30
116

Oct4 50GCAGCGACTATGCACAACGA30

50CCAGAGTGGTGACGGAGACA30
195

Sox2 50CATCACCCACAGCAAATGACA30

50GCTCCTACCGTACCACTAGAACTT30
242

TSSC3 50TCCAGCTATGGAAGAAGAAGC30

50GTGGTGACGATGGTGAAGTACA30
163

Bak 50CCCACTCAACAGCAAAGA30

50ATGGAGAAGGGCAGCAAG30
126

Bim 50CAGACAGAGCCACAAGGT30

50AAAGATGAAAAGCGGGGA30
138

Bax 50CATCGGGGACGAACTGGA30

50GTGGGGGTGAGGAGGCTT30
310

Bcl2 50GCGGAGTTCACAGCTCTATAC30

50AAAAGGCCCCTACAGTTACCA30
136

Cytc 50TCGGAGCGGGAGTGTTCGTTG30

50CCTCCCTTTTCAACGGTGTGGC30
122

Apaf-1 50ATGGCAGGCTGTGGGAAG30

50ATCAGAATGCGGAGACGG30
230

Noxa 50CAAGAACGCTCAACCGA30

50GGTTCCTGAGCAGAAGAGTT30
142

Puma 50CTCAGCCCTCGCTCTCGC30

50AGGTCGTCCGCCATCCGC30
166

Fas 50TATCACCACTATTGCTGGAGTCA30

50GCTGTGTCTTGGACATTGTCA30
117

FasL 50GAACTCCGAGAGTCTACCAGC30

50TTGCCTGTTAAATGGGCCACT30
119

Flip 50ACAACAAGGACCACGGGAGGAG30

50TGGAGGCAAAGAAACCGAAAGC30
99

Caspase3 50GCGAATCAATGGACTCTGGAAT30

50AGGTTTGCTGCATCGACATCTG30
151
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University, Chongqing, China) and was used for overex-

pression of TSSC3. The sequence information of human

TSSC3 was obtained from Genbank (NM_001753), and

the CDS of TSSC3 was amplified by primers 50- CCC

AAGCTTATGAAATCCCCCGACGAG -30 and 50-CGG

GATCCTCATGGCGTGCGGGGTTT-30 for 35 cycles

with 50 �C as the annealing temperature. The Pgene/V5-

His vector and PCR products were digested with HindIII

and BamHI (Takara) and ligated together by T4 DNA

ligase (Takara). Positive recombinant clones were isolated

and sequenced with an ABI PRISM 377 DNA Sequencer at

Invitrogen Biotech Company (Shanghai, China). The

Pgene/V5-His and pSwitch vectors were then co-transfec-

ted into MThFOB1.19 cells, which were selected with

100 lg/ml Zeocin (Invitrogen) and 300 lg/ml Hygromycin

B (Invitrogen), and induced with 50 nM mifepristone

(Invitrogen) to express TSSC3. The MThFOB1.19 cells

stably transfected with Pgene/V5-His/TSSC3 and Pgene/

V5-His/control were designated as overTSSC3 and over-

CON cells, respectively.

Apoptosis assay

Annexin V-APC/Propidium Iodide (PI) assay

Apoptotic cells were identified by using the Annexin

V-APC/PI kit (Becton–Dickinson, Franklin Lakes, NJ,

USA) according to the manufacturer’s instructions. Briefly,

cells were harvested and resuspended in 200 ll binding

buffer containing 5 ll Annexin V-APC (20 lg/ml) and

5 ll PI (50 lg/ml). Cells stained with Annexin V-APC

only, cells stained with PI (propidium iodide) only and

unstained cells were used as controls. Cells were incubated

for 15 min at room temperature in the dark. Flow cyto-

metric analysis was performed using a FACscalibur

(Becton–Dickinson, Franklin lakes, NJ, USA). Each

experiment was repeated at least three times to ensure

reproducibility. Annexin V-APC positive, PI negative cells

were identified as early apoptotic cells. Annexin V-APC

and PI positive cells were identified as late apoptotic cells

or necrotic cells

Mitochondrial membrane potential (DW) analysis

Mitochondrial transmembrane potential were examined

using a Mitochondrial Membrane Potential Assay Kit

(Beyotime Institute of Biotechnology, Haimen, China) with

JC-1 (lipophilic cation 5,50,6,60-tetrachloro-1,10,3,30-tetra-

ethylbenzimidazolcarbocyanine iodide). Briefly, overCON

sphere cells and overTSSC3 sphere cells were dissociated,

and single cells were seeded into poly-L-lysine (Sigma)

coated 6-well plates at 5 9 105 cells/well. After culturing in

DMEM with 10 % FBS for 4 h in a CO2 incubator, the cells

were incubated with 1 ml JC-1 working solution in the CO2

incubator for 20 min. The staining solution was removed,

and cells were washed with JC-1 staining buffer twice before

being analyzed by fluorescence microscopy using a band-

pass filter (Fluorescein and Cy3). The depolarizing agent

CCCP (10 lM) was used as a positive control.

Western blot analysis

Total proteins were extracted from cells by treatment with

lysis buffer [10 mM Tris–HCl, pH 7.4, 150 mM NaCl,

1 mM EDTA, 1 % Nonidet P-40, 1 % Triton-X, and Halt

Protease and Phosphatase Inhibitor Cocktail (Pierce,

Rockford, IL, USA)]. Protein concentrations were mea-

sured using the BCA Protein Assay Reagent (Pierce,

Rockford, IL, USA). Approximately 30 lg of total protein

were separated by 10 % SDS–polyacrylamide gels and

transferred to PVDF membranes (Invitrogen). After

blocking, membranes were incubated with primary anti-

body against TSSC3 (rabbit polyclonal IgG, 1:100 dilution;

Abcam), Cytochrome C (Cyt c, mouse monoclonal IgG,

1:500 dilution; Abcam), pro-caspase-3 (rabbit monoclonal

IgG, 1:100 dilution; Santa Cruz) or b-actin (mouse

monoclonal IgG, 1:500 dilution; Abcam) overnight. Then

the membranes were incubated with secondary antibody

(anti-mouse or anti-rabbit IgG at a 1:2,000 dilution;

Zhongshan, China), and immune complexes were detected

using an ECL Kit (Pierce). Finally, the results were ana-

lyzed with Image LabTM Software (Bio-Rad), and all the

targeted genes were normalized to b-actin.

Statistical analysis

All experiments were repeated at least three times. Mean

values and standard deviations were calculated. Statistical

analyses were performed using the SPSS13.0 statistical

software. P \ 0.05 was considered statistically significant.

Results

MThFOB1.19 cell line has a higher sarcosphere

formation ability compared with SaOS2 and MG63 cell

lines

An important feature of T-ICs is the capacity to form

spheres in stem cell medium [4]. Therefore, the sarco-

sphere formation assay was used to culture T-ICs in dif-

ferent OS cell lines. Cultured with stem cell medium in

96-well plates, tumor spheres containing 10–20 cells from

1 cell/well were observed after 5–6 days (Fig. 1a, top).
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After 2 weeks, the diameter of these spheres increased by

10- to 20-fold (Fig. 1a, bottom). The tumor sphere for-

mation rate of MThFOB1.19 cells was 67.09 ± 9.28 %,

obviously higher than that of MG63 (5.40 ± 1.06 %) and

SaOS2 (8.60 ± 1.16 %) cells (Fig. 1b; P \ 0.01).

It has been reported that stem cell markers Nanog, Oct4

and Sox2 play important roles in maintaining the self-

renewal and propagation of cells [20]. Therefore, we asked

whether OS with different sarcosphere formation abilities

had different expression patterns for these factors. By real-

time PCR analysis of different OS cell lines, the Nanog,

Oct4 and Sox2 transcripts were found to be highly

expressed in MThFOB1.19 cells compared with MG63 and

SaOS2 cells (Fig. 1c). Immunofluorescence was also used

to detect these markers at the protein level in the above cell

lines, which showed that they were indeed expressed in

MThFOb1.19 cells and localized primarily to the nucleus

(Fig. 1d), while there was little to no expression in MG63

and SaOS2 cells (data not shown).

MThFOB1.19 cell line is mainly composed of T-ICs

Zheng et al. [21] reported that clonal and population

analyses can be used to investigate the proportion of T-ICs

in cancers. We found that MThFOB1.19 cells in normal

culture conditions displayed remarkably clone-like growth

characteristics at a low cell density (Fig. 2a, left). There-

fore, analyses of serial clonal formation and clonal

tumorigenicity were used to evaluate the T-ICs in MTh-

FOB1.19 cells. From single MThFOB1.19 cells seeded in

96-well plates by limiting dilution, we obtained 61 clones

consisting of 200–400 cells originating from individuals

cells after 2 weeks of culture (Fig. 2a, middle). The pri-

mary clones were subcultured by dissociating the cells and

planting them individually into 96-well plates again. The

110 primary clones generated 102 subclones after 2 weeks

of culturing in the same way. The primary clone and

subclone formation rates were 100 % and 92.7 ± 4.29 %,

respectively. Subsequently, 5 9 105 (n = 4) or 5 9 104

Fig. 1 MThFOB1.19 cell line has a high sarcosphere formation

ability. a MG63, Saos2 and MThFOB1.19 cells were cultured in stem

cell medium in 96-well plates with 1 cell/well. Sarcospheres

containing 10–20 cells were observed after 5 days (top, magnifica-

tion, 9200). Within 2 weeks, the diameter of these spheres increased

by 10- to 20-fold (bottom, magnification, 9200). b Sarcosphere

formation rate of MThFOB1.19 cells was much higher than that of

SaOS2 and MG63 cells. **P \ 0.01 vs. MThFOB1.19 cells; bars,

SD. c Expressions of stem cell markers in MThFOB1.19 cells were

much higher than those of SaOS2 and MG63 cells at the transcrip-

tional level. *P \ 0.05 vs. MThFOB1.19 cells; bars, SD. d Expres-

sions of stem cell markers Nanog, Oct4 and Sox2 in MTfFOB1.19

cells detected by immunofluorescence, revealed that these markers

were expressed in MThFOb1.19 cells and localized primarily to the

nucleus. Scale bar = 50 lm
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(n = 4) primary clones and 5 9 105 (n = 4) or 5 9 104

(n = 4) subclones from MThFOB1.19 cells were implan-

ted subcutaneously (s.c.) into nude mice. After 2 weeks,

tumors were observed from all injection sites. Histology of

s.c. tumors showed that these tumors contained numerous

hyperchromatic nuclei with pleomorphism and abundant

necrosis (Fig. 2a, right). These results indicated that the

MThFOB1.19 cell line is mainly composed of T-ICs.

The capability to self renew is one of the defining fea-

tures of T-ICs. Thus, serial sarcosphere formation assays

were used to detect the self-renewing properties of MTh-

FOB1.19 cells. Primary sphere cells were dissociated and

planted into 6-well plates to form secondary spheres in

fresh stem cell culture medium. After 4–5 days, the sec-

ondary spheres were formed at a rate of 92.64 ± 10.63 %.

Moreover, the secondary sarcospheres could be passaged

for many generations in stem cell culture medium.

Although OS T-ICs lack specific markers, Nanog, Oct4 and

Sox2 are thought to be specifically expressed in sarco-

spheres [9, 12, 15]. Indeed, our immunofluorescence

analysis revealed that all three of these factors could easily

be detected in MThFOB1.19 sarcospheres (Fig. 2b).

The capability to differentiate is another important feature

of T-ICs [4], and adipogenic induction was used to detect this

potential in MThFOB1.19 cells. Notable morphological

changes were observed after culturing in adipogenesis-

inducing medium. In contrast to non-induced cells, enlarged

cell volume, smaller karyoplasmic ratio and many cyto-

plasmic vacuoles could be detected in the induced cells

(Fig. 2c, left). Oil Red O staining confirmed that these vac-

uoles were lipid droplets (Fig. 2c, middle), while the non-

induced cells had no lipid droplets (Fig. 2c, right).

TSSC3 is lowly expressed in MThFOB1.19

sarcospheres

Previously, we found that low expression of TSSC3 was

associated with OS transformation and progression (our

unpublished data). In order to further compare the

expression level of TSSC3 in MThFOB1.19 cells and its

tumor sphere cells, TSSC3 was first detected by real-time

PCR. The results showed that the expression of TSSC3 in

sarcosphere cells was 3.28-fold lower than that in MTh-

FOB1.19 cells (Fig. 3a), and analysis by immunofluores-

cence also confirmed this finding (Fig. 3b). These results

demonstrated that TSSC3 was progressively downregu-

lated in malignant transformation and OS sarcosphere cells.

To further determine the function of TSSC3 in T-ICs

tumorigenesis, the Gene Switch
TM

system was used to

significantly upregulate TSSC3 in MThFOB1.19 cells,

which was confirmed by RT-PCR and Western blot,

respectively (P \ 0.01, Fig. 3c, d).

Fig. 2 Pluripotency of MThFOB1.19 cells. a MThFOB1.19 cells

displayed clone-like growth characteristics when the cell density was

low in normal attachment culture (left, magnification, 9100). When

planted in 96-well plates at a density of 1 cell/well, most cells

generated a clone within 2 weeks (middle, magnification, 9200).

Tumors were observed at 2 weeks after injection of clones or

subclones, which had been expanded in six-well plates, into nude

mice. Histological analysis showed that these tumors contained

numerous hyperchromatic nuclei with pleomorphism. The arrow

indicates abundant necrosis in the tumor (right, magnification, 9200).

b The expression of Nanog, Oct4 and Sox2 in sarcospheres. Scale
bar = 50 lm. c After adipogenic induction, MThFOB1.19 cells

showed enlarged cell volume, increased cytoplasm and lower

karyoplasmic ratio. The arrows points to the many vacuoles that

could be detected in the cytoplasm (left, magnification, 9400). The

induced cells (middle) and non-induced cells (right) were stained with

Oil Red O, suggesting that the vacuoles were adipo-vacuoles

(magnification, 91,000)
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Overexpression of TSSC3 inhibits sarcosphere

formation, clone formation in vitro and tumorigenesis

in vivo

In order to observe the effect of TSSC3 on sarcosphere

formation, TSSC3 overexpressing (overTSSC3) and con-

trol (overCON) cells were seeded into 96-well plates

containing stem cell medium. After 2 weeks, although

sarcospheres were observed in both overTSSC3 cells and

overCON cells, overTSSC3 cells had a low sarcosphere

formation rate (46.82 ± 8.37 %) relative to the control

(66.12 ± 9.36 %), as shown in Fig. 4a (P \ 0.05). The

clone formation assay, which can reflect the tumorigenicity

of cells in vitro, was then used to analyze the overTSSC3

cells. OverTSSC3 cells and overCON cells were planted

into 96-well plates with 1 cell per well and cultured with

serum-containing medium. After 2 weeks, the colony for-

mation rate of overTSSC3 cells was 57.57 ± 2.16 %

(Fig. 4b, top), significantly lower than that of control cells

(95.32 ± 4.58 %, P \ 0.05). In addition, the overTSSC3

clones contained fewer cells than the overCON clones

(Fig. 4b, bottom). OverTSSC3 and overCON derived

clones were randomly selected and expanded. Subse-

quently, the overTSSC3 (5 9 105) and overCON (5 9 105)

clonal cells were implanted s.c. into nude mice (n = 4 per

group). Only one of four mice implanted with overTSSC3

clonal cells developed a tumor, while overCON clonal cells

(n = 4) formed more rapidly growing tumors in the all of

the mice inoculated (Table 2). Tumors produced by the

overCON clonal cells grew fast and reached a diameter of

1.5 cm in 6 weeks after injection, while the tumor pro-

duced by overTSSC3 clonal cells grew much more slowly

and only reached a diameter of 0.7 cm in 6 weeks

(Fig. 4c). In other words, tumors of *0.7 cm in diameter

were achieved for overTSSC3 clonal cells over 6 weeks,

compared with a diameter of *1.5 cm for the controls in

the same period, indicating that the mean size of overT-

SSC3 clonal cell-derived tumors was reduced by 78.56 %

at 6 weeks.

Overexpression TSSC3 reduces the expression of stem

cell markers Nanog, Oct4 and Sox2

Constitutive expression of Nanog maintains the self-

renewal and propagation of cells [20], and together with

Oct4 and Sox2 to maintain pluripotency of embryo stem

cells [22–24]. To determine whether the expression of

TSSC3 can impact the expression of these factors in

sarcosphere cells, real-time PCR analyses were carried out.

Compared with control sarcosphere cells (overCON-

sphere), overTSSC3 sarcosphere (overTSSC3 sphere) cells

had lower expressions of Nanog, Sox2 and Oct4 at the

transcriptional level (Fig. 4d). Specifically, the expression

of Nanog in overTSSC3 sphere cells was downregulated by

approximately 80 % (P \ 0.01), compared with that of

overCON sphere cells. Oct4 and Sox2 were downregulated

by approximately 20 and 40 % relative to controls,

respectively.

Fig. 3 TSSC3 is lowly

expressed in MThFOB1.19

sarcospheres. Real-time PCR

(a) and immunofluorescence

(b) showing expression of

TSSC3 in both MThFOB1.19

cells and sarcosphere cells, and

TSSC3 in MThFOB1.19 was

threefold higher than that in

tumor sphere cells (P \ 0.01,

bars, SD). Real-time PCR

(c) and Western blot

(d) demonstrating that TSSC3

was significantly upregulated as

much as fivefold when

transfected into MThFOB1.19

cells using the GeneSwitch

System. **P \ 0.01 vs. control

cells; bars, SD
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Overexpression TSSC3 promotes apoptosis

by activating the intrinsic cell apoptotic pathway

TSSC3 was originally identified as a human apoptosis-

related imprinted gene. To evaluate the apoptosis-related

function of TSSC3 in sarcosphere cells, we performed

AnnexinV—APC and PI staining. Relative to the controls,

early apoptotic (lower right) and late apoptotic (upper

right) cells were both prominently increased from 1.14 and

1.47 % to 7.61 and 6.40 % in overTSSC3-sphere cells,

respectively (Fig. 5a). Two signaling pathways are impli-

cated in the apoptotic cascade, the intrinsic (also known as

mitochondrial pathway) and extrinsic (also known as death

receptor pathway) pathways. To further study the mecha-

nisms involved in TSSC3 induced apoptosis in overTSSC3

sphere cells, common molecules, intrinsic molecules and

extrinsic molecules were detected. As shown in Fig. 5b,

RT-PCR analysis revealed that upregulation of TSSC3

obviously increased the expression of caspase3, a down-

stream effector and common molecule of the apoptosis

pathway, and increased the expression of Bak, Bim, Cyt c,

Apaf-1, Noxa, Puma, indicators of intrinsic pathway acti-

vation, as well as the Bax: Bcl-2 ratio, which plays an

important role in determining the intrinsic pathway.

Western blotting analysis also showed increased Cyt c and

decreased pro-caspase-3 expression (Fig. 5c). The immu-

nofluorescence assay also showed that overTSSC3 sphere

cells expressed increased levels of cleaved caspase-3 and

decreased levels of pro-caspase-9 (Fig. 5d). As for extrin-

sic signaling molecules, Fas was slightly upregulated by

1.28 fold, FasL were can’t be detected, and Flip was sig-

nificantly increased by 2.47 fold in overTSSC3 sphere cells

compared with the control at the transcriptional level

(Fig. 5b, bottom). However the expression of pro-caspase-

8, a downstream effector of extrinsic pathway, was not

obviously different from control (Fig. 5d).

Fig. 4 Overexpression of TSSC3 inhibits sarcosphere formation,

colony formation in vitro, reduced tumorigenesis in vivo and

downregulated expression of stem cell markers Nanog, Oct4 and

Sox2. a Sarcosphere formation rate of TSSC3 overexpressing cells

(overTSSC3, 46.82 ± 8.37 %) and control cells (overCON,

66.12 ± 9.36 %) indicated that TSSC3 significantly reduced sarco-

sphere formation (P \ 0.05; bars, SD). b The clone formation rate of

TSSC3 overexpression cells was 57.57 ± 2.16 %, significantly lower

than that of control cells (95.32 ± 4.58 %, P \ 0.05; bars, SD, top).

In addition, overTSSC3 colonies contained fewer cells than the

overCON colonies (bottom, magnification, 9100). c Tumor volume

of TSSC3 overexpression cells was much smaller than control cells.

Representative tumors (top) and tumor growth curves (bottom) are

shown from nude mice injected with overCON and overTSSC3 cells

(P \ 0.01; bars, SD). d Stem cell markers Nanog, Oct4 and Sox2 in

overTSSC3 sarcosphere cells were downregulated by approximately

80, 20 and 40 % compared to controls, respectively. *P \ 0.05 vs.

control cells; bars, SD

Table 2 In vivo tumor formation from single cell clones in

xenografting model

Cell type Cell numbers

per injection

Number of

tumors/number

of mice injected

OverCON 5 9 105 4/4

OverTSSC3 5 9 105 1/4
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Apoptotic signal transduction via the intrinsic pathway

is initiated by mitochondrial damage that triggers a dis-

ruption of the mitochondrial DW, resulting in membrane

permeabilization and the release of apoptogenic factors

such as Cyt c from the mitochondria [25, 26]. To further

confirm that the increased expression level of Cyt c was

concomitant with its translocation from the mitochondria to

cytosol, we used the lipophilic cationic agent JC-1 to

evaluate changes in TSSC3 expression in sphere cells. Red

fluorescence represents the mitochondrial aggregate form

of JC-1 with high DW in normal cells. Green fluorescence

represents the monomeric form of JC-1 with low DW in

apoptotic cells. The ratio of green/red fluorescence

intensities of JC-1 was scored as the apoptotic level by the

release of Cyt c. As shown in Fig. 5e, the overTSSC3

sphere cells had a significantly increased ratio of green/red

fluorescence intensities of JC-1 from 1.06 ± 0.21 to

2.61 ± 0.36 (P \ 0.01). All these results demonstrated that

TSSC3 increases basal apoptosis mainly by activation of

the intrinsic pathway.

Discussion

The TSC or T-IC theory hypothesizes that tumors of var-

ious origins are driven and sustained by a small proportion

Fig. 5 Overexpression of TSSC3 increases basal apoptosis by

activating intrinsic cell apoptotic pathways. a Overexpression of

TSSC3 (overTSSC3 sphere cells, right) increased apoptosis by

approximately sixfold compared with controls, MThFOB1.19 sarco-

sphere cells (left) and overCON-sphere cells (middle). Percentages of

early apoptotic cells (lower right) and late apoptotic or necrotic cells

(upper right) were calculated. Data shown are representative of three

independent experiments. b The expression of Bak, Bim, Bax, Bcl2,

Cytc, Apaf-1, Noxa, Puma, Fas/FasL, Flip and Caspase3 in

transcriptional level when TSSC3 was upregulated. *P \ 0.05 vs.

control cells; bars, SD. c Western blotting revealed that Cyt c was

upregulated and pro-caspase-3 was downregulated. d Immunofluores-

cence indicated that overTSSC3 sphere cells expressed increased

levels of cleaved caspase-3, and decreased level of pro-caspase-9,

while no significant difference of Pro-caspase-8. *P \ 0.05 vs.

control cells; bars, SD. e Mitochondrial transmembrane potential was

analyzed in overTSSC3 and overCON sphere cells by using a

Mitochondrial Membrane Potential Assay Kit with JC-1. The graph

represents the ratio of green/red fluorescence intensities of JC-1 from

overCON and overTSSC3 sphere cells. Values shown are

means ± SD of three independent experiments. **P \ 0.01; bars, SD
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of TSCs or T-ICs [2–5]. Previous studies suggest that in

some cases T-ICs are derived from somatic stem cells,

which are often the target of genetic events for malignant

transformation [5, 6, 27]. In other cases, T-ICs are derived

from restricted progenitors or even differentiated cells [28,

29]. It is believed that T-ICs arising from transformation of

somatic stem cells yield more aggressive cancers than

those derived from more committed progenitor cells [27].

As for OS, T-ICs may arise from the committed osteo-

progenitor cells, pre-osteoblast cells and early osteoblast

cells due to disruption of osteogenic differentiation [7]. In

this study we successfully enriched T-ICs by stem cell

medium culture of the MThFOB1.19 cell lines, suggesting

that OS T-ICs can originate from more differentiated

osteoblast cells, consistent with the theory that cancer may

be the result of reprogramming of a more differentiated cell

type [6, 30]. The tumor sphere formation rate of MTh-

FOB1.19 was found to be much higher than those of

SaOS2 and MG63, revealing that the T-ICs are not a small

subset in MThFOB1.19 cells. Although studies on diverse

cancers revealed that only a few cells were tumorigenic,

this may not be a universal phenomenon for all types of

cancers [31]. Furthermore, the frequency of T-ICs appears

to be highly variable among tumors of the same type [27].

Mathematical analyses have also indicated that T-ICs in

advanced tumors may not occur as a small fraction [32].

Quintana et al. [33] found that in limiting dilution assays,

approximately 25 % of unselected melanoma cells from

different patients formed tumors when injected into highly

immunocompromised mice. Zheng et al. [21] also reported

that most C6 cells are cancer stem cells by clonal and

population analyses rather than isolation based on specific

markers. They also demonstrated that serum-free medium

is not necessary for the generation of a cancer stem cell

clone. Therefore, clonal and population analyses were used

to investigate the proportion of T-ICs present in MTh-

FOB1.19 cells. Our data indicated that nearly every

MThFOB1.19 cell could generate primary clonal and

subclonal populations. Additionally, all clones and sub-

clones could generate tumors when xenotransplanted into

nude mice. Like the tumor sphere cells, the MThFOB1.19

cells expressed stem cell markers at both transcriptional

and translational levels and could also be induced to dif-

ferentiate. As T-ICs are cells capable of giving rise to a

tumor [34], we thus concluded from the results above that

the MThFOB1.19 cell line is mainly composed of T-ICs.

MThFOB1.19 cells were originally obtained by treating

human osteoblast hFOB1.19 cells with N-methyl-N0-nitro-

N-nitrosoguanidine (MNNG) and 12-O-tetradecanoyl

phorbol-13-acetate (TPA) [17]. In this procedure, obvious

changes in the expression of imprinted oncogenes and

tumor-suppressor genes were observed by oligonucleotide

microarrays. Among the imprinted genes identified, TSSC3

(located within the tumor suppressor region of 11p15 [35]),

which is implicated in Fas expression and apoptosis, was the

first apoptosis-related gene shown to be imprinted [36].

Earlier studies showed that inactivation of TSSC3 can block

Fas-mediated apoptosis in breast cancer [37, 38], and its

expression is suppressed in several malignant tumors [39,

40]. Here, we found that the expression of TSSC3 was pro-

gressively downregulated in malignant transformation [19]

and the processes of sarcosphere formation (as shown in

‘‘Results’’). In order to confirm the function of TSSC3 in

T-ICs, TSSC3 overexpression vectors were transfected into

MThFOB1.19 cells. The selection of MThFOB1.19 cells for

these studies was based on three major pieces of evidence:

(a) The ability to form tumors of SaOS2 and MG63 cell lines

in xenotransplantation is significantly lower than that of the

MThFOB1.19 cell line, consistent with our results in this

study (data not shown). (b) MThFOB1.19 cell line was

malignantly transformed from differentiated osteoblasts,

mainly composed of T-ICs. (c) The expression of TSSC3 was

progressively downregulated in the process of malignant

transformation of MTF hFOB1.19 and its ability to form

spheres. These features of the MThFOB1.19 cell line sup-

ported its utilization for our OS tumorigenesis study.

Evidence has emerged that T-ICs are responsible for

tumorigenesis [41], and it has been proposed that a tumor is

an aberrant organ initiated by a T-IC, which has extensive

proliferative potential and the ability to give rise to

abnormal tissue [27]. In vivo, T-ICs maintain tumor masses

by asymmetrically dividing to produce new T-ICs with the

capability to self-renew and generate progenitor cells with

the ability to differentiate and proliferate. T-ICs are defined

as ‘‘a small subset of cancer cells within a cancer that

constitute a reservoir of self-sustaining cells with the

exclusive ability to self-renew and to cause the heteroge-

neous lineages of cancer cells that comprise the tumor’’

[42], and therefore, targeting T-ICs holds enormous ther-

apeutic implications. In this study, overexpression of

TSSC3 reduced T-ICs’ stemness, such as downregulated

the sarcosphere formation, which has been widely used to

assess cancer stem cell characteristics, and clone formation

abilities, as well as the tumorigenic potential, suggesting

overexpression of TSSC3 as a cancer treatment approach.

Meanwhile, overexpression TSSC3 also downregulated the

expression of stem cell markers Nanog, Oct4 and Sox2 in

sarcosphere cells, which have pivotal roles in embryonic

stem cells (ESCs) and T-ICs. Nanog, which declined the

most among these markers, is essential for early embryonic

development and maintaining the stem cell phenotype [20],

allowing self renewal. Nanog together with Oct4 and Sox2

can convert human somatic cells into pluripotent stem cells

[23, 43]. Decreased Nanog expression correlates with the

failure to maintain pluripotent stem cells [44], while

enforced Nanog expression can promote de-differentiation
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of p53-deficient mouse astrocytes into cancer stem-like

cells [28]. Oct4 and Sox2 also play a critical role in the

maintenance of pluripotency in ESCs. Loss of expression

of Oct4 is associated with differentiation of cells [45]. In

tumors, Oct4 maintains the survival of breast cancer stem-

like cells, while reduction of Oct4 expression induces

T-ICs apoptosis via the Oct4/Tcl1/Akt1 pathway and

inhibits tumor growth [46]. In bladder cancer, it was

reported that tumors with high expression of Oct4 are

associated with further progression, greater metastasis and

shorter survival compared with low Oct4 expressing

tumors [47]. Overexpression of Sox2 promotes tumori-

genesis and increases anti-apoptotic properties, while

downregulation of Sox2 decreases tumorigenesis and

increases apoptotic sensitivity in human prostate cancer

cells [48]. Here, overexpression of TSSC3 decreased the

sarcosphere and clone formation abilities and the expres-

sion of stem cells markers Nanog, Oct4 and Sox2, indi-

cating that overexpression TSSC3 is an efficient way to

downregulate the stem-like features of T-ICs.

T-ICs are more resistant to apoptosis than differentiated

cancer cells [49, 50], which can be attributed to diverse

molecular changes, such as activation of anti-apoptotic

factors, inactivation of pro-apoptotic factors and upregu-

lation of survival signals. These anti-apoptotic properties

protect T-ICs from apoptosis and eventually lead to

recurrence. Overcome apoptosis resistance of T-ICs is a

useful tactics in cancer therapies [8]. In this study, we

found that overexpression of TSSC3 induced sarcosphere

cells of OS apoptosis significantly, implying TSSC3 may

be a promising approach to overcome apoptosis resistance

of T-ICs in OS. Lee [18] reported that co-expression of

TSSC3 and Fas in multiple human tissues, implicating

TSSC3 in Fas-mediated apoptosis. While we previously

found that TSSC3 could enhance the mitochondrial-medi-

ated apoptotic pathway in SaOS2 cell line [19]. Here we

also found that TSSC3 activated molecules of BH3-only

proteins, such as Bak, Bim, Noxa, Puma, downregulated of

survival signals Bcl-2 of the mitochondrial pathway, and

increased Bax: Bcl-2 ratio, subsequently disrupted the

mitochondrial DW, released Cyt c which combined with

Apaf-1 and formed apoptosome, finally activated Caspase3

in MThFOB1.19 sphere cells, suggesting that TSSC3 could

enhance the intrinsic apoptotic pathway in OS T-ICs.

Interestingly, we found although Fas and Flip were both

upregulated, it was reported that malignant cells fail to

activate the death receptor pathway is due to the overex-

pression of Flip despite continued upregulation Fas and

FasL [51, 52], moreover, in our study TSSC3 induced Flip

overexpression more obviously than Fas. Additionally,

recent studies revealed that apart from a killer, Fas has a

growth-promoting role during tumorigenesis by a totally

different mechanism [53, 54]. However, in this study there

was no FasL expression detected in transcriptional level of

MThFOB1.19 sarcosphere cells, suggesting that the Fas/

FasL signaling pathway has no function in TSSC3 induced

apoptosis in OS T-ICs, correspondence with the finding

that the downstream molecule pro-caspase-8 which initi-

ates the extrinsic pathways showed no significant changes

compared with the control. All the results suggested the

extrinsic pathway may not involve in TSSC3-mediated

apoptosis. Therefore, we concluded that TSSC3-induced

apoptosis mainly occurs by activating intrinsic cell apop-

totic pathways, at least in MThFOB1.19 sphere cells.

In conclusion, our study provides preliminary evidence

for the first time that OS T-ICs can originate from more

differentiated cells, while overexpression of TSSC3 can

efficiently decrease tumorigenesis by downregulating stem

cell-like features and promoting cell apoptosis though

intrinsic apoptosis pathways. Additional studies to clarify

the exact mechanism of TSSC3 downregulation of stem

cell-like features will be highly valuable for finding new

therapeutic strategies to treat OS.
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