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Abstract 
Osteosarcoma is the most common primary malignant bone cancer in children and adolescents. 

Emerging evidence has suggested that the capability of a tumor to grow is driven by a small subset of 
cells within a tumor, termed cancer stem cells (CSCs). Although several methods have been explored to 
identify or enrich CSCs in osteosarcoma, these methods sometimes seem impractical, and chemotherapy 
enrichment for CSCs in osteosarcoma is rarely investigated. In the present study, we found that short 
exposure to chemotherapy could change the morphology of osteosarcoma cells and increase sarcosphere 
formation , as well as increase tumor formation . Furthermore, methotrexate (MTX)鄄  resistant 
U2OS/MTX300 osteosarcoma cells were larger in size and grew much more tightly than parental U2OS 
cells. More importantly, U2OS/MTX300 cells possessed a higher potential to generate sarcospheres in 
serum鄄  free conditions compared to parental U2OS cells. Also, U2OS/MTX300 cells exhibited the side 
population (SP) phenotype and expressed CSC surface markers CD117 and Stro鄄  1. Notably, U2OS/ 
MTX300 cells showed a substantially higher tumorigenicity in nude mice relative to U2OS cells. Therefore, 
we conclude that chemotherapy enrichment is a feasible and practical way to enrich osteosarcoma stem 
cells. 

Key words Osteosarcoma, chemotherapy, cancer stem cell, methotrexate enrichment 

Osteosarcoma is the most common primary 
malignant bone cancer, primarily arising in children and 
adolescents. The advent of neoadjuvant chemotherapy 
has significantly improved the long­term survival rate 
ranging from 55% to 75%  [1,2] . Nevertheless, a poor 
response to chemotherapy is usually associated with a 
poor prognosis [3] . Hence, it is important to identify the 
chemo­resistant cells for further investigation. 

Recent studies indicate that osteosarcoma is driven 
by a small subpopulation of cells called cancer stem 
cells (CSCs) [4] . Currently, there are three methods for 
enriching osteosarcoma CSCs: (1) generating 
sarcospheres in culture, (2) cell sorting with markers 

(CD133, ALDH, CD117 combined with Stro­1), and (3) 
exogenously expressing human  promoter [5] . 
According to accumulating evidence, CSCs are 
responsible for rebuilding the bulk of the tumor after 
conventional chemotherapy. Therefore, it is reasonable 
to presume that chemotherapy drugs can be effectively 
used to identify CSCs within the tumor by eliminating the 
chemo­sensitive cells. To our knowledge, studies in 
which chemotherapy drugs have been used for CSC 
enrichment in osteosarcoma have rarely been discussed. 

In this study, we used methotrexate (MTX), an 
active chemotherapy drug in osteosarcoma [6,7] , to enrich 
CSCs of osteosarcoma. Our results suggest that 
MTX­resistant U2OS/MTX300 cells possess properties of 
CSCs  and  . 

Materials and Methods 

Reagents and antibodies 

Methotrexate, Hoechst 33342, and laminin were 
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from Sigma­Aldrich. Primary antibody Stro­1 and 
fluorescein (FITC) conjugates were obtained from Santa 
Cruz Biotechnology. CD117­PE antibody for flow 
cytometry was from eBioscience. Dulbecco爷s modified 
eagle medium (DMEM)/F12 and N2 medium, as well as 
fetal bovine serum (FBS) were products of Invitrogen. 
Human epidermal growth factor (EGF) and basic 
fibroblast growth factor (bFGF) were from PeproTech. 

Cells and cell culture 

The human osteosarcoma cell lines U2OS and 
MG63 (a gift from Dr. Massimo Serra, Istituti Ortopedici 
Rizzoli, Bologna, Italy [8] ) were cultured in DMEM with 10% 
FBS, according to the instructions from American Tissue 
Culture Collection. MTX­resistant variant U2OS/MTX300 
cells (a gift from Dr. Massimo Serra, Istituti Ortopedici 
Rizzoli, Bologna, Italy [8] ) were cultured in DMEM with 10% 
FBS and 300 ng/mL MTX. 

Chemotherapy treatment 

Human osteosarcoma cell lines U2OS and MG63 
were treated with 100 ng/mL or 300 ng/mL MTX for 5 
days. Afterwards, dead cells were removed with three 
phosphate buffered solution (PBS) washes. Then, 
surviving cells were harvested and subjected to 
clonogenicity assay, sarcosphere formation assay, and 

tumorigenicity assay. 

Cell proliferation assay 

Cells were seeded in 96­well microplates at a 
density of 3000 cells/well. Every 24 h until day 7, cells 
were analyzed with MTT assay as described [9] . Briefly, 
20 滋  L 3­ (4, 5­dimethylthiazol­2­yl) ­2 , 5­diphenyltetrazo 鄄  
liumbromide (MTT) solution (5 mg/mL in PBS) was 
added to each well and the plates were incubated at 
37益  for an additional 4 h. After the medium was 
aspirated, 180 滋  L of dimethyl sulfoxide (DMSO) was 
added to each well. Finally, the absorbance at 490 nm 
(  490 ) was measured with a microtiter plate reader. 

Clonogenicity assay 

U2OS and MG63 osteosarcoma cells, both 
MTX­na觙  ve and those that survived MTX treatment, were 
plated in triplicate at 100 cells/well in 6­well plates and 
then maintained in DMEM medium supplemented with 
10% FBS for 14 days. Afterwards, cells were washed 
three times with PBS, fixed in methanol for 5 min, and 
dyed with crystal violet for 10 min at room temperature. 
After that, we washed out the dye and counted the 
colonies containing more than 50 cells. 

Sarcosphere formation assay 

Cells were seeded at 2000 cells/well in 6­well 
ultra­low attachment plates (Corning) and cultured in 
DMEM/F12 medium mixed with N2 supplement, human 
EGF (10 ng/mL), and human bFGF (10 ng/mL). After 14 
days, the resultant spheroids, also named sarcospheres, 
were counted under an inverted phase contrast 
microscope (Nikon). 

Flow cytometry analysis 

Flow cytrometry was performed as detailed 
previously [10] . Briefly, for side population analysis, U2OS 
and U2OS/MTX300 cells (1 伊 10 6  cells/mL) were labeled 
with 5 滋  g/mL Hoechst 33342 at 37益 for 90 min in dark, 
either alone or in combination with 50 滋  mol/L verapamil. 
Afterwards, the cells were washed twice with PBS and 
kept at 4益 in dark before flow cytometry (EPICS ALTRA 
Flow Cytosorter, Beckman Coulter) using dual­ 
wavelength analysis. 

To detect CD117 + Stro­1 +  U2OS and U2OS/MTX300 
cells, cells were harvested and incubated with CD117­PE 
and Stro­1 antibodies on ice for 30 min in dark. For 
indirect labeling, cells were incubated with primary 
antibody against Stro­1 and then a secondary 
FITC­conjugated antibody. Expression of cell markers 
was determined by comparison with isotype control. 

In vivo tumorigenicity assay 

All  experiments were approved by the 
Institutional Review Board of Sun Yat­sen University. 
After being harvested and counted with trypan blue, cells 
(5 伊 10 6  to 1 伊 10 5 ) were resuspended in 200 滋  L PBS 
and injected subcutaneously into 6­ to 8­week old 
athymic nude mice (SLAC Animal Center, Shanghai, 
China). The mice were monitored for up to 60 days, after 
which they were humanely euthanized. 

Statistical analyses 

An unpaired Student爷s  test or one way ANOVA 
with LSD post­hoc test (SPSS software 13.0, SPSS) 
was applied for statistical analysis.  values of < 0.05 
were considered statistically significant. 

Results 

Short exposure to the chemotherapy drug MTX 
changes the cellular phenotype 

First, we treated U2OS and MG63 cells with MTX 
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Figure 1. . U2OS and MG63 cells were treated with 
100 or 300 ng/mL MTX for 5 days, after which dead cells were washed away with PBS. The remaining cells were observed under phase contrast 
microscopy. The remaining cells exhibited a shape resembling dendritic鄄  like cells and connected with each other via the 野dendrite冶 at the end of the 
cell. 

(100 ng/mL and 300 ng/mL) for 5 days. Using 
microscopy, we found that surviving U2OS and MG63 
cells had marked morphologic changes, with a shape 
resembling dendritic­like cells (Figure 1). These cells 
appeared to connect with each other via the 野dendrite冶 
at the end of the cell. Subsequently, these cells were 
detached with trypsin and plated for the clonogenicity 
assay. The results showed that clonogenicity was 
significantly enhanced after MTX treatment for a short 
time (Table 1). Next, to compare the ability of the 
MTX­treated cells and their parental cells to generate 
sarcospheres, cells were grown as described in Materials 
and Methods section. Both MTX­treated cells and their 

parental cells were capable of forming sarcospheres, but 
MTX­treated cells exhibited increased sarcosphere 
formation compared to parental cells (Table 1). Because 
MTX­treated cells were found to possess improved 
capability of colony and sarcosphere formation, we 
suspected that MTX­treated cells may achieve higher 
tumorigenic potential. Indeed, as expected, in a 
subcutaneous tumorigenicity assay, no tumors were 
developed in 10 mice inoculated with parental U2OS 
cells, whereas tumors were observed in 2 of 10 mice 
inoculated with 5 伊 10 6  U2OS cells that survived either 
100 or 300 ng/mL MTX treatment and in 1 of 10 mice 
inoculated with 5 伊 10 5  U2OS cells that survived 300 

Group 

U2OS cells 
Control 
100 ng/mL MTX 
300 ng/mL MTX 

MG63 cells 
Control 
100 ng/mL MTX 
300 ng/mL MTX 

Number of colonies 

16 依 5 
23 依 3 a 

25 依 7 a 

45 依 5 
65 依 9 b 

63 依 4 b 

Number of sarcospheres 

6 依 2 
15 依 5 a 

18 依 5 a 

11 依 6 
20 依 4 a 

24 依 4 a 

All data are presented as mean 依 standard deviation (SD) of 3 experiments. a P < 0.05, b P < 0.01, vs. control cells. 

Control 

Control  100ng/mL MTX 

100ng/mL MTX  300ng/mL MTX 

300ng/mL MTX 

U2OS 

MG63 
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ng/mL MTX treatment. Hence, these data revealed that 
short exposure of U2OS and MG63 to MTX changed the 
cellular phenotype, including changes in cellular 
morphology, propensity for colony and sarcosphere 
formation and tumorigenicity. 

MTX鄄  resistant stable cells have different growth 
features 

Because short exposure to MTX enhanced the 
potential for sarcosphere formation and increased 
tumorigenicity, both key features of CSCs, we 
investigated whether an MTX­resistant stable cell line 
U2OS/MTX300 possessed properties of CSCs. We 
found that U2OS/MTX300 cells were larger in size and 
grew much more tightly than U2OS cells under phase 
contrast microscopy (Figure 2A). Next, we used the cell 
viability assay to evaluate the proliferation of 
U2OS/MTX300 and U2OS cells in serum­supplemented 
medium (SSM) or serum­free medium (SFM) with 
laminin (10 滋  g/mL). The results revealed that U2OS cells 
were more adapted to SSM than U2OS/MTX300 cells 
(Figure 2B). However, U2OS/MTX300 cells exhibited 
higher proliferating ability in SFM, whereas U2OS cells 
showed impaired proliferation in SFM (Figure 2C). 

MTX鄄  resistant stable cells exhibit an increased 
ability to form clones and sarcospheres 

The clonogenicity of U2OS and U2OS/MTX300 cells 
was evaluated. The clone­forming efficiency of 
U2OS/MTX300 cells was significantly higher than that of 
U2OS cells [(34 依 9)% vs. (16 依 4)%,  < 0.05]. 

Next, U2OS and U2OS/MTX300 cells were 
subjected to the sarcosphere­formation assay to test 
their self­renewal potential. Although both U2OS and 
U2OS/MTX300 cells could form sarcospheres, 
sarcospheres generated from U2OS/MTX300 cells were 
larger and more numerous (  < 0.01) than those from 
U2OS cells (Figure 2D). In particular, U2OS/MTX300 
cells formed sarcospheres at a frequency of 
approximately 13% , whereas U2OS cells formed 
sarcospheres at a frequency of approximately 4% . 
Furthermore, sarcospheres from U2OS/MTX300 cells 
could be passaged for at least 3 generations, whereas 
those from U2OS cells vanished within 3 passages 
(Figure 2D). When sarcospheres were passaged to the 
third generation, U2OS/MTX300 cells had increased 
sarcosphere­forming ability, but U2OS cells had 
decreased ability to form spheres. The results above 
suggested that the MTX­resistant U2OS/MTX300 cell line 
had an enriched population of self­renewing cells. 

MTX鄄  resistant stable cells gain CSC phenotype 

CSCs are commonly recognized to overexpress the 

ATP­binding cassette sub­family G member 2 (ABCG2). 
This property correlates with the ability to expel dyes like 
Hoechst 33342, making flow cytometry a convenient 
method to identify this population of cells, which are 
deemed the side population (SP). We used flow 
cytometry analysis to evaluate the SP in MTX­resistant 
and parental U2OS cells. Verapamil, a specific inhibitor 
of ABCG2 activity, was used as a negative control. Our 
results revealed that the SP cell fraction in 
U2OS/MTX300 cells was 0.11% , but no SP cells were 
detected from U2OS cells (Figure 3A), which was 
consistent with the studies of Murase  . [11]  and Tirino 

. [12] 
To determine surface markers of putative 

osteosarcoma stem cells, U2OS/MTX300 cells were 
analyzed by flow cytometry for expression of CD117 and 
Stro­1, known markers of CSCs. The percentage of 
CD117 + Stro­1 +  U2OS/MTX300 cells was 0.6% , whereas 
no CD117 + Stro­1 + U2OS cells were detected (Figure 3B). 

MTX鄄  resistant stable cells have high tumorigenic 
potential 

To compare the tumorigenic potential of 
U2OS/MTX300 cells and U2OS cells, nude mice were 
inoculated subcutaneously with 5 伊  10 6  to 1 伊  10 5 
U2OS/MTX300 and U2OS cells. Tumor formation was 
observed in all mice inoculated with 5 伊   10 6 
U2OS/MTX300 cells, whereas no tumor was found in 
mice after inoculation with U2OS cells for 60 days 
(Figure 4). In addition, to evaluate the ability of initiating 
metastases, U2OS/MTX300 and U2OS cells (5 伊 10 6 ) 
were injected into the tail vein of nude mice. However, 
no evidence of metastases existed in either group (data 
not shown). 

Discussion 
Recently, the cancer stem cell hypothesis has 

attracted a great deal of attention, with comprehensive 
evidence indicating such cells exist in human cancers of 
various types [4] . However, isolating and purifying CSCs 
are sometimes challenging because of their scarcity and 
continuous differentiation. At present, identifying and 
enriching CSCs are mainly based on surface markers or 
SP sorting. The problem is that exact surface antigens 
are usually unknown, as it seems somewhat impractical 
to screen large numbers of the entire known markers. 
Furthermore, the reported cytotoxicity of Hoechst 33342 
has hindered its further application  [13­15] . Therefore, 
functional enrichment based on the CSC property of 
chemoresistance [16] can be a feasible approach to identify 
CSCs. Chemotherapy enrichment of CSCs has important 
clinical significance because tumor relapse is not rare, 
even if prominent tumor shrinkage has obtained after 
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chemotherapy. Nevertheless, there have been few 
studies of chemotherapy enrichment of CSCs in 
osteosarcoma to date [5] . 

In the present study, we report that the conventional 
chemotherapy drug MTX facilitates enrichment of CSCs 
in osteosarcoma, as indicated in MTX­resistant 
U2OS/MTX300 cells. This finding is consistent with the 
reports of Yu  .  [17]  and Li  .  [18] , who have 
successfully taken advantage of chemotherapy to enrich 
self­renewing breast cancer cells. Indeed, 
U2OS/MTX300 cells had higher clonogenic efficiency, 

were enriched in the SP phenotype, and expressed 
markers associated with CSCs, such as CD117 and 
Stro­1, which have been identified as putative 
osteosarcoma stem cell markers [19] . 

The capacity to form sarcospheres in a serum­free 
culture system is considered fundamental property of 
CSCs [20] . U2OS/MTX300 cells formed sarcospheres at a 
higher frequency than U2OS cells, and this ability to 
form sarcospheres was not impaired during 3 passages. 
This evidence suggests that U2OS/MTX300 cells 
possess enhanced self­renewal potential, which is 

Figure 2. 
. A, U2OS/MTX300 cells were larger in 

size and grew much more tightly than U2OS cells under 
phase contrast microscopy. B, C, proliferation assay of 
U2OS/MTX300 cells and U2OS cells in serum鄄  
supplemented medium (SSM) and serum鄄  free medium 
(SFM) with laminin showed that U2OS cells were more 
adapted to grow in SSM, whereas U2OS/MTX300 cells 
exhibited higher proliferating ability in SFM. D, 
sarcosphere formation assay of U2OS/MTX300 and U2OS 
cells. Columns refer to means and error bars refer to 
standard deviation (SD) of 3 experiments. **P < 0.01 as 
indicated. 

A 

B C 

D 

U2OS  U2OS/MTX300 

SSM  SFM 

U2OS 
U2OS/MTX300 

Primary  Second  Third 

Generation 

Time after plating (days)  Time after plating (days) 
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significant as self­renewal is an indispensable functional 
feature for CSCs. Moreover, high tumorigenic potential is 
a hallmark of CSCs [4,5,20] . Compared to parental U2OS 
cells, U2OS/MTX300 cells had higher tumorigenic 
potential  . However, U2OS/MTX300 and U2OS 
cells showed no distinct difference in inducing lung 
metastasis. The reason may be that both U2OS/MTX300 

and U2OS cells have only meager intrinsic ability for 
metastasis, or that the number of cells injected is too 
small and the course of the experiment needs to be 
prolonged. 

In summary, our study supports a role for 
chemotherapy as a feasible approach to enrich 
osteosarcoma stem cells, providing a new way to further 

Figure 3. . A and B, side population (SP) analysis with Hoechst 33342 staining was performed by flow 
cytometry in U2OS/MTX300 and U2OS cells. The percentage of SP cells was 0 for U2OS and 0.11% for U2OS/MTX300. Verapamil, a specific inhibitor of ABCG2 
activity, was used as a negative control. C and D, putative osteosarcoma CSC surface markers CD117 and Stro鄄  1 were analyzed by flow cytometry. The percentage 
of CD117 + Stro鄄  1 + cells was 0 for U2OS and 0.6% for U2OS/MTX300. 

A B 

C D 

Figure 4. 
. Survival curves of 

nude mice implanted with 5 伊 10 6 U2OS/ 
MTX300 or U2OS cells show that U2OS/ 
MTX300 cells were highly tumorigenic. 
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understand the biology of osteosarcoma stem cells. 
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