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Abstract. – OBJECTIVE: To investigate the role
of SATB2 in stem cell-like properties of osteosarcoma and identify new strategies to eliminate
cancer stem cells of osteosarcoma.
MATERIALS AND METHODS: Osteosarcoma
cancer stem cells were derived by sarcosphere
generation or chemo drug enrichment. SATB2
and pluripotency-associated gene expression
in osteosarcoma CSCs were analyzed using
qRT-PCR and Western blotting. The sphere formation assay, cell counting kit-8 assay and anti-chemotherapy proteins were used to measure
the effects of altered SATB2, N-cadherin expression or metformin treatment in CSCs. Nude
mice were injected with SATB2-deficient U2OS/
MTX cells to assess the role of SATB2 in osteosarcoma growth and chemoresistance in vivo. Bioinformatics analyses were performed to
identify SATB2 downstream target genes and immunochemistry to determine the correlation between SATB2 expression and patient outcome.
Western blotting and luciferase reporter assays
were used to examine the effects of N-cadherin and SATB2 inhibition on the NF-kB pathway.
RESULTS: SATB2 was upregulated in osteosarcoma stem cells. Knockdown of SATB2 decreased sarcosphere formation, cell proliferation and stem cell-like gene expression in vitro,
meanwhile reduced tumor growth and chemoresistance in vivo. High SATB2 expression in osteosarcoma patient samples was associated
with poor clinical outcome. N-cadherin was one
critical downstream target gene of SATB2 that
mediated the stem cell-like phenotype. Reduction of SATB2 or N-cadherin resulted in NF-kB
inactivation, which led to impaired osteosarco4516

ma sphere formation and tumor cell proliferation. Metformin treatment of osteosarcoma cells
enhanced the effects of chemotherapy via suppression of N-cadherin.
CONCLUSIONS: SATB2 plays an important
role in regulating osteosarcoma stem cell-like
properties and tumor growth. The combination
of conventional chemotherapy and metformin
may be a promising therapeutic strategy for osteosarcoma patients.
Key Words:
Cancer stem cells, Chemoresistance, Metformin,
N-cadherin, Osteosarcoma, SATB2, Tumorigenesis.
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Introduction
Osteosarcoma (OS) is the most common
type of bone-forming malignant mesenchymal
tumor and is characterized by intrinsic therapeutic resistance1. Therapeutic failure may occur because of an inability to eradicate resistant
subpopulations of cancer cells, which may include cancer stem cells (CSCs)2,3. Recent studies have shown that dysregulation of genes or
signaling pathways involved in CSC develop-
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ment4-9. Therefore, investigation of bone development regulator may help to identify new
strategies to eliminate CSCs might enhance the
control of OS.
Special AT-rich sequence-binding protein 2
(SATB2) is a DNA-binding protein that acts
as a molecular node in the bone development
transcriptional network. SATB2 knockout
mice display dysregulation of skeletogenesis due to the downregulation of downstream
target genes, such as RUNX2 and ATF410. In
addition to having important roles in skeletal
formation, SATB2 has been shown to have significant roles in cancer biology. For example,
SATB2 modulates stemness and carcinogenesis in pancreatic cancer11. In head and neck
squamous cell carcinoma, overexpression of
SATB2 augments ΔNp63α activity to promote
chemoresistance12. However, despite its potential functions in tumorigenic and bone development, the regulatory effects of SATB2 in
OS CSCs have rarely been examined.
CDH2 (hereafter referred to as N-cadherin)
encodes a transmembrane protein, N-cadherin,
which is involved in cartilage development,
epithelial-to-mesenchymal transition (EMT)
and cancer stem/progenitor cell-like properties13-15. The intracellular domain of N-cadherin
interacts with many key signaling molecules,
such as NF-kB subunit p65 and its downstream
molecules16,17. Excessive expression of mesenchymal N-cadherin generates cells with stem
cell properties18 and leads to drastic changes in
the cytoskeleton and in signaling transduction19,
which ultimately promotes the development of
cancers such as breast cancer, pancreatic cancer, and prostate cancer20-23. Additionally, N-cadherin, as a cell surface protein, is a potential
drug target. For example, targeting N-cadherin
effectively reduces the therapeutic resistance
and metastasis of prostate cancer and breast
cancer both in vitro and in vivo24,25. However,
the molecular mechanisms and therapeutic value of N-cadherin in OS CSCs are not fully understood.
In this investigation, we demonstrated that
SATB2 acts as a potent mediator of OS stem
cell-like characteristics and showed the genes
and pathways downstream of SATB2. Moreover, we identified a novel and feasible approach
to eliminate OS CSCs by a combination of conventional chemotherapy drugs and metformin,
which might enhance the control of osteosarcoma.

Materials and Methods
Cell Lines, Reagents and Culture
Conditions
The human OS cell lines U2OS/MTX used in this
study were donated by Dr. M. Serra (Istituti Ortopedici Rizzoli, Bologna, Italy) and were continuously
cultured in the presence of 300 μg/L methotrexate
(MTX). MTX, doxorubicin (DOX) and metformin
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The ZOS and ZOSM cells lines, which were
obtained from a primary tumor and skipped metastasis, respectively, of an OS patient, were established at
our institution37. All other cell lines were purchased
from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured according to the
conditions suggested by ATCC. This study was approved by the Ethics Committee of Sun Yat-sen University, and written informed consent was obtained
from the patients or their guardians before sample
collection. All of the animal studies were approved
by the Institutional Animal Care and Use Committee
(IACUC) of Sun Yat-sen University.
Sarcosphere Formation Assay
Sarcosphere formation assays were performed
as previously described5. These experiments were
performed in triplicate.
Real-time PCR
Total RNA from OS cell lines was purified
using TRIzol (Invitrogen, Carlsbad, CA, USA)
according to the product instructions, and first
strand cDNA was synthesized using a First Strand
cDNA Synthesis Kit (Fermentas, Glen Burnie,
MD, USA) following the manufacturer’s protocol.
Real-time q-PCR was performed using SYBR®
qPCR Mix (Toyobo, Osaka, Japan) according to
the manufacturer’s protocol and a LightCycler®
480 System. The experiments were performed in
triplicate. The sequences of the primers used for
the PCR are listed in Supplementary Table II.
Western Blotting
Western blotting was performed using standard
procedures. The antibodies used are listed below.
Pixel density was quantified using Quantity One
software (Bio-Rad, Hercules, CA, USA). Antibodies against SATB2 (1:1000, EPNCIR130A, Abcam, Cambridge, MA, USA), N-cadherin (1:1000,
13769-1-AP, ProteinTech, Chicago, IL, USA),
MDR1 (1:1000, #13342, Cell Signaling Technology, Danvers, MA, USA), PARP (1:1000, ab194586,
Abcam, Cambridge, MA, USA) and GAPDH
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(1:10000, ab128915, Abca, Cambridge, MA, USA)
were used.
Cell Counting kit-8 Assay (CCK-8)
OS cells (100 μL) were seeded at a density of
2,000 cells/well in 96-well plates. After incubation for 24, 48, 72, 96 and 120 h, CCK-8 solution
(10 μL, Beyotime, Shanghai, China) was added to
the wells. The plates were incubated for additional 2 h, and absorbance was measured at 450 nm.
The experiments were performed in triplicate.
In Vivo Animal Models
All animal studies were performed in accordance with the principles and procedures outlined in the guidelines of the Institutional Animal
Care and Use Committee at Sun Yat-sen University. Female nude mice were purchased from
Guangdong Medical Laboratory Animal Centre (Foshan, China). To develop the orthotropic
OS model, the mice were anesthetized with 4%
chloral hydrate (100 g/0.2 mL) by intraperitoneal injection. Then, sh.SATB2 and sh.Ctrl U2OS/
MTX cells (2×106) were implanted into the
proximal tibia of the mice (n=10 per group). On
the 7th day, each group of mice was randomly divided into 2 subgroups (n=5 per group), and phosphate buffered saline (PBS) or MTX (0.4 mg/kg
body weight) was intraperitoneally injected into
the mice once a week. The mice were monitored
three times weekly. Tumor volume was calculated using the formula V=4/3π [1/4(D1+D2)]2.
When tumor lengths exceeded 1.5 cm, the experiment was stopped, and the mice were sacrificed
by cervical dislocation.
Luciferase Reporter Assays
Cells were seeded at 4×104 cells/well in 24well plates and co-transfected with an N-cadherin
promoter (GeneCopoeia, Rockville, MD USA)
or NF-κB p65 luciferase reporters (Genomeditech, Shanghai, China) and pRL-TK plasmid (Promega, Madison, WI, USA) using Lipofectamine
3000 (Invitrogen, Carlsbad, CA, USA). After 48
h, the cells were harvested in passive lysis buffer
(PLB) (Promega, Madison, WI, USA), and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega, Madison,
WI, USA) on a GloMax Luminometer (Promega,
Madison, WI, USA).
Statistical Analysis
All of the statistical analyses were performed
using SPSS (version 16.0) software (SPSS Inc.,
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Chicago, IL, USA). The data were analyzed
using the Student’s t-test. Survival curves were
calculated using the Kaplan-Meier method, and
differences were analyzed using the log-rank
test. p-values less than 0.05 were considered
significant.
Experimental Procedures
See the Supplemental Methods for details on
other experimental procedures.

Results
SATB2 Expression is Elevated in OS CSCs
and is Associated with Poor Outcome
OS CSCs can be enriched by either sarcosphere selection or chemotherapeutic agent
selection5,6. To examined SATB2 expression
in osteosarcoma CSCs, we first isolated sarcospheres from 143B, U2OS/MTX, and U2OS
cells and then returned them to adherent culture (Figure 1A). The sarcospheres expressed
elevated levels of SATB2 and other genes that
are associated with a stem cell-like phenotype,
including SOX2, OCT3/4, and CD133. These
elevated levels were lost upon redifferentiation
(Figure 1B). Likewise, after doxorubicin-induced CSC enrichment, we also observed elevated
SATB2 expression in these cell subpopulations
(Figure 1C). In patient samples, SATB2 expression was significantly higher in OS tissues than
in skeletal muscle according to the analysis
of publicly available datasets (GSE14827 and
GSE6798)26-28 (p<0.0001, Figure 1D). Moreover, we assessed the clinical relevance of
SATB2 in OS samples that were obtained from
our hospital using immunohistochemistry and
in a public dataset (GSE21257) using a bioinformatics method29. The characteristics of the
patients with OS are listed in Table I. We found
that elevated SATB2 expression was associated with a lower survival rate and a lower lung
metastasis-free survival rate (Figure 1E, F, and
Figure S1A). Besides, we found that SATB2
DNA copy number amplification was followed
by mRNA upregulation in 265 sarcoma patient
samples from TCGA database (Figure S1B),
which indicates that SATB2 ectopic expression
in OS is linked to DNA copy alteration. Accordingly, these data indicate that elevated SATB2
levels may contribute to OS stem cell-like properties and were correlated with a poorer outcome in OS patients.
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Figure 1. SATB2 expression is elevated in OS CSCs and is associated with poor outcome. (A) U2OS/MTX, 143B, and U2OS parental adherent cells (top), sarcospheres in low-adherence cultures (middle), and re-differentiated sarcosphere cells after return to adherent
cultures (bottom). Scale bar, 100 μm. (B) qPCR results for putative stem cell markers and SATB2 mRNA expressed as a fold-change
relative to parental cells ± SEM (n=3, *p<0.05, two-tailed Student’s t-test). (C) SATB2 mRNA expression in OS cell lines after dimethyl
sulfoxide (DMSO) or DOX (0.1 μM for 3 days) treatment quantified by qPCR. (D) SATB2 expression in normal skeletal muscle
(GSE13205) and biopsy samples (GSE14827) detected using an Affymetrix Human Genome U133 Plus 2.0 Array. Data are presented
as box-plots. (E) Representative images of weak and strong SATB2 expression in the samples. (F) Overall survival rate was significantly higher in the low SATB2 expression group than in the high expression group, as indicated by Kaplan-Meier analysis (log-rank test,
p=0.0435). The risk of lung metastasis was higher in the high SATB2 expression group (log-rank test, p=0.0339).

Knockdown of SATB2 Attenuates
Stem Cell-like Properties and Tumor
Growth in OS
To test whether SATB2 regulates OS CSCs, we
first knocked down SATB2 using two different
sh.SATB2 constructs or upregulated its expression level in OS cells (Figure S2A). Interestingly,
SATB2-deficient 143B cells switched from a fibroblast-like phenotype to a cuboidal phenotype,
indicating that mesenchymal properties were lost
and epithelial characteristics were acquired (Figure S2B). Next, we determined the effects of
SATB2 on stem cell-like characteristics. We found
that knockdown of SATB2 showed lower sphere formation number and stem-associated genes
expression level in 143B and U2OS/MTX whereas these phenotypes were increased after SATB2
was overexpressed in U2OS cells (Figure 2A-C).
Moreover, reduced SATB2 expression inhibited
cell proliferation (Figure 2D), indicating that inhi-

bition of SATB2 suppresses the tumor-initiating
potential of tumor cells. Another important property of CSCs is resistance to chemotherapy, and
this phenotype is primarily mediated by ATP-binding cassette transporters, such as multidrug-resistant protein (MDR1)30. We found that SATB2-deficient U2OS/MTX cells showed weaker
anti-chemotherapeutic phenotypes, as indicated
by the downregulation of MDR1 and upregulation of the apoptosis-related protein PARP (Figure 2E). By contrast, SATB2 restoration in U2OS
cells enhanced cell growth and chemotherapy
resistance (Figure 2D and E). Furthermore, we
assessed the role of SATB2 in OS stem cell-like
features using mouse models. We implanted sh.
SATB2 or sh.Ctrl U2OS/MTX cells (2×106) into
the proximal tibia of the mice (n=10 per group).
On the 7th day, each group of mice was randomly divided into 2 subgroups (n=5 per group), and
PBS or MTX (0.4 mg/kg body weight) was intra4519
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Table I. Clinical characteristics of the 32 OS patients.
			
Percentage (%)

SATB2 expression

Number

High

Low

Age (years)
0-20
75.00
24
10
14
21-40
21.88
7
4
3
41-100
3.13
1
0
1
Gender						
Male
65.63
21
9
12
Female
34.38
11
5
6
Location						
Distal femur
43.75
14
6
8
Proximal tibia
25.00
8
3
5
Proximal humerus
21.88
7
4
3
Proximal femur
6.25
2
1
1
Other
3.13
1
0
1
Enneking						
IIB
90.63
29
16
13
III
9.38
3
2
1
Relapse						
Yes
9.38
3
0
3
No
90.63
29
14
15
Lung metastasis						
Yes
28.13
9
6
3
No
71.88
23
8
15
Death				
Yes
34.38
11
7
4
No
65.63
21
7
14

peritoneally injected into the mice once a week.
By day 32, we observed that the SATB2-deficient
group exhibited a significant reduction in tumor
growth rate and a striking synergistic effect with
MTX treatment (Figure 2F-H). Thus, our results
suggest that inhibition of SATB2 suppressed the
tumor-initiating stem-like features of OS.
SATB2 Enhances OS Stem Cell-Like
Characteristics Through the Induction
of N-cadherin/NF-kB signaling
To investigate the genes and pathways downstream of SATB2 that function to promote OS,
we performed bioinformatics screening utilized
a SATB2 ChIP-seq dataset (SRX1028899)31 and

gene expression data (GSE21257) from OS biopsy samples29, from which we selected 21 candidates (Figure 3A and Table II). According to gene
ontology (GO) analysis, all 21 genes clustered
with biomineral tissue development, ossification,
and bone mineralization. This clustering was
consistent with the role of SATB2 in regulating
skeletal development (Table SI), which further
confirmed the reliability of our screening procedure. We were particularly interested in N-cadherin (CDH2) due to its significant positive correlation with SATB2 (r=0.723, p<0.0001) (Figure
S3A) and its crucial role in EMT, stem cell-like
properties, and tumor progression15,16,25. We wonder if SATB2 play an important role in N-cadhe-

Table II. Binary logistic regression analysis.
Characteristics

Odds Ratio (95% CI)

p-value

Age (year)
Male gender (%)
BMI (kg/m 2)
Left atrial diameter (mm)
UCP-1 mRNA in SAT
UCP-1 mRNA in PAT
UCP-1 mRNA in EAT

1.11 (0.97 to 1.26)
3.01 (0.70 to 13.35)
1.16 (0.73 to 1.84)
1.43 (1.18 to 1.73)
0.66 (0.43 to 1.00)
0.85 (0.74 to 0.98)
0.71 (0.52 to 0.96)

0.12
0.14
0.52
<0.01
0.50
0.03
0.03
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Figure S1. (A) Samples with high SATB2 expression were correlated with worse overall survival (log-rank test, p=0.0440).
The risk of lung metastasis was higher in the low SATB2 expression group than that in the high expression group, although this
difference was not significant (log-rank test, p=0.1291). (B) SATB2 mRNA expression data and copy number alteration data of
265 sarcoma patients from TCGA database are presented as box-plots.

rin expression regulation. After SATB2 shRNA
transfection, we found that whether the mRNA
level, protein levels or the promoter luciferase
reporter activity of N-cadherin were downregulated while upregulated by SATB2 overexpression (Figure 3B, E and Figure S3B). Moreover,
knockdown of N-cadherin reversed sarcosphere
formation and cell proliferation in U2OS-SATB2
cells (Figure 3C and D), indicating that N-cadherin is required for the SATB2-mediated features
of CSCs. As N-cadherin lies upstream of the NFkB pathway, and activation of NF-kB is essential
for OS progression16,32-35, we hypothesized that the
sequential activation of SATB2, N-cadherin, and
NF-kB contributes to OS CSC development. As
expected, knockdown of SATB2 alleviated IkBα
phosphorylation and NF-kB p65 nuclear translocation, concomitant with a substantial reduction

in NF-kB luciferase reporter activity in both 143B
and U2OS/MTX cells. In contrast, overexpression
of SATB2 in U2OS cells increased NF-kB p65
nuclear accumulation, phosphorylation of IkBα,
and NF-kB luciferase reporter activity. These effects were reversed by knockdown of N-cadherin
in U2OS-SATB2 cells (Figure 3E-F). Hence, our
results support an essential role for N-cadherin/
NF-kB signaling in OS CSCs.
Metformin Inhibits OS CSC Traits
Considering that N-cadherin induction is an
essential step in SATB2-mediated tumor malignancy and that N-cadherin can be repressed
by metformin16, we wonder whether pharmacologic inhibition of N-cadherin recapitulates
the effects of N-cadherin or SATB2 inhibition.
To this end, we treated 143B cells with incre4521
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Figure S2. (A) Knockdown or overexpression efficiency of SATB2 in cell lines was confirmed by Western blotting analysis. (B)
The 143B cells demonstrated characteristic morphological changes after downregulation of SATB2.

Figure 2. Knockdown of SATB2 attenuates stem-like properties and tumor growth. (A-B) Sarcosphere formation assays were
performed in the indicated cells. (C) The mRNA expression of stem cell markers was examined by qPCR after knockdown or
overexpression of SATB2 in cell lines. (D) Cell proliferation in 143B, U2OS/MTX, and U2OS cells was determined using CCK-8
assays after knockdown or overexpression of SATB2. (E) MDR1 and PARP levels were measured using Western blotting analyses
in cells following MTX treatment (300 μg/L for 24 h). (F-H) An orthotropic model was used to assess the effects of SATB2 on the
growth and chemoresistance of U2OS/MTX cells in vivo. Mice were monitored three times weekly. All in vitro experiments were
repeated at least 3 times. Mean values and standard deviations were calculated (*p<0.05, two-tailed Student’s t-test).
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Figure 3. SATB2 enhances OS stem-like characteristics through induction of N-cadherin/NF-kB signaling. (A) A combination
of SATB2 ChIP-seq data and co-expression data were used to identify genes that are directly targeted by SATB2. (B) N-cadherin
promoter luciferase reporter constructs were transiently transfected into the indicated cells, and luciferase activity was analyzed
after 48 h. (C-D) N-cadherin knockdown decreased sarcosphere formation and cell growth in SATB2-overexpressing U2OS cells. (E) Lysates from the indicated cells were immune-blotted for N-cadherin, phosphorylated IkBα, and NF-kB p65. (F) NF-kB
luciferase reporter assays were performed on the indicated cells.

Figure S3. (A) The expression association of SATB2 and N-cadherin in tissues (n=53) was examined in GSE21257. (B) N-cadherin mRNA levels in the indicated cells were determined by Western blotting and qPCR analyses. *p<0.05 according to the
two-tailed Student’s t-test.

asing amount of metformin (0, 10, 20, and 40
mM). Consequently, we found that treatment
with metformin reduced N-cadherin protein levels as well as the formation of sarcospheres
number in a dose-dependent manner (Figure 4A-

B). To identify whether treatment of metformin
recapitulates the anti-chemoresistance effects
of SATB2 inhibition, we combined use with
MTX and metformin in U2OS/MTX cells. As
expected, the treatment induced increased che4523
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Figure 4. Metformin inhibits OS CSCs traits. (A-B) OS cells were exposed to increasing doses of metformin (0, 10, 20, and 40
mM), N-cadherin expression was detected by Western blotting and sarcosphere formation capacity was measured. Experiments
were repeated at least 3 times. Mean values and standard deviations were calculated. *p<0.05 according to two-tailed Student’s
t-test. (C) N-cadherin, MDR1, and PARP protein levels were measured by Western blot analyses following a combination of
MTX and metformin treatment (10 mM for 24 h). (D-E) The effects of metformin on the NF-kB pathway were confirmed by
Western blotting analysis and luciferase reporter assays.

mosensitivity and cell apoptosis, as shown by the
upregulation of MDR1 and PARP (Figure 4C).
Further, to clarify the underlying mechanisms of
metformin therapy, we exposed U2OS/MTX cells to metformin (10 mM) alone. We found that
the use of metformin results in the suppression
of N-cadherin expression, NF-kB p65 nuclear
accumulation, and NF-kB luciferase reporter
activity (Figure 4D and E). Accordingly, our
findings demonstrate the efficacy of combined
metformin and traditional chemotherapy drugs
for treating refractory OS.

Discussion
Accumulating evidence supports the existence
of tumor-initiating or CSCs in OS. Subpopulations
of these cells are responsible for tumor maintenance, chemotherapy resistance, relapse, and metastasis5,36,37. SATB2 has been found to regulate skeletal
development10 and shows a very high immunoexpression rate in bone tumor samples, reaching
90.4-100%38-40. We hypothesized that SATB2
4524

might be involved in modulating OS CSCs. Here,
we found that SATB2 was upregulated in OS stem
cells. Knockdown of SATB2 abrogated OS stem
cell-like properties in vitro, as evidenced by the
reduction of sarcosphere formation, cell proliferation and associated stem cell-like gene expression.
SATB2 deficiency also led to reductions in the tumor growth rate and anti-drug capacity in our mouse orthotropic model. We also found that clinical
samples from OS patients showed a positive correlation between high SATB2 expression and poor
patient outcome. Besides, SATB2 has recently been
found to promote OS migration in vitro41 and to
correlate positively with the degree of chondrosarcoma malignancy40; these findings further support
our hypothesis. Nevertheless, clinical translation is
limited because SATB2 is neither a targetable cell
surface protein nor a druggable enzyme. Therefore,
research of SATB2 targeted therapy is still needed
and targeting downstream pathways or genes that
are mediated by the overproduction of SATB2 may
be an alternative therapeutic strategy.
Using bioinformatics analysis, we identified
N-cadherin (CDH2) as a downstream target gene
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of SATB2. Recently, increasing N-cadherin accumulation is believed to generate tumor cells with
stem-like properties18,42. In our research, we showed
that SATB2 upregulates N-cadherin transcriptional
activity and expression level. The inhibition of N-cadherin reversed the increase in sarcosphere-forming
ability induced by SATB2 overexpression. These results partially explain why STAB2 modulates stemness and carcinogenesis. Furthermore, N-cadherin
is a signal transduction molecule of the upstream
protein NF-kB16,32. Our results demonstrated that
the reduction of either SATB2 or N-cadherin leads
to NF-kB inactivation and the impairment of OS
sarcosphere formation and tumor cell proliferation,
suggesting an anti-tumor role of NF-kB targeted therapy. Although other SATB2 regulatory genes or pathway exist in OS progression, our result provides,
at least at one aspect, show that N- cadherin/NF-kB
pathway inhibition might be an effective means of
suppressing stem cell-like properties in OS cells.
Considering the tumor-promoting role of
SATB2 and N-cadherin in OS, clinical use of
the cell surface protein N-cadherin, rather than
SATB2, is more feasible for pharmaceutical targeting. Clinical trials using N-cadherin antagonists, such as ADH-1, resulted in significantly better
outcomes of melanoma patients43. However, OS is
predominantly found in children and adolescents, and the toxicity and safety of a targeting drug
in these populations have not yet been assessed.
Metformin is one of the most commonly prescribed oral anti-diabetic drugs worldwide. Emerging
evidence indicates that metformin has an anti-cancer effect. For instance, in prostate cancer,
metformin regulates NF-kB signaling by inhibiting N-cadherin16. Jiralerspong et al44 reported
that diabetic patients with breast cancer who received metformin and neoadjuvant chemotherapy
showed 16% higher pathologic complete response
than did diabetics who did not receive metformin.
We found that the inhibition of N-cadherin by
metformin recapitulates the effects of N-cadherin
or SATB2 inhibition, resulting in the suppression
of the stem cell-like phenotype and NF-kB activation. Accordingly, metformin is a promising solution for safely targeting SATB2 downstream pathways and genes, but further research is required.

Conclusions
SATB2 enhances the stem cell-like traits, tumor growth and chemoresistance of OS through
induction of the N-cadherin/NF-kB signaling

pathway. The combination of conventional chemotherapy and metformin may represent a promising therapeutic intervention for OS patients.
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Supplemental Methods
Transient and Stable Transfections
For stable cell line construction, GFP-tagged
plasmids containing 3 different sh.SATB2 or
SATB2 cDNAs and their corresponding control
plasmids were obtained from Obio Technology
(Shanghai, China) Corp. Plasmids were packaged
into recombinant lentiviruses by a Lenti-PacTM
HIV Expression Packaging Kit (GeneCopoeia,
Rockville, MD, USA). After three rounds of infection, stable transfected cells with strong GFP
expression were selected by fluorescence-activated cell sorting. Western blots were used to confirm knockdown/overexpression efficiency, and
the two most effective stable knockdown cell lines were chosen for the subsequent experiments.
For transient transfection, RFP-tagged plasmids

encoding two different sh.N-cadherin constructs
and the corresponding vector (Obio Technology,
Shanghai, China) were transfected into U2-SATB2 cells at a density of 30%-50% confluence in
six-well plates using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA).
Immunostaining and Immunofluorescence
The paraffin-embedded OS surgical samples
were sectioned at 5 μm. The sections were then
dewaxed in xylene and rehydrated in graded alcohols. Endogenous peroxidase activity was quenched by incubation with 3% hydrogen peroxide
for 5 min, and antigen retrieval was performed by
incubating the slides with pepsin (Dako, Glostrup,
Denmark) at 37°C for 10 min. The sections were
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Supplemental Table I. Biological Process (GO) analysis results of 21 SATB2 target genes.
			
Pathway
Observed
#pathway ID
description
gene

False
discovery
rate

Matching proteins
in your network
(IDs)

Matching
proteins in your
network (labels)

GO.0031214

Biomineral
4
0.0143
tissue			
development			
				

ENSP00000339824
ENSP00000340935
ENSP00000368516
ENSP00000372059

DMP1
FGFR3
IFITM5
LGR4

GO.0001503
Ossification
5
0.0336
				
				
				
				
GO.0030282
Bone
mineralization
3
0.0442
				
				

ENSP00000260926
ENSP00000339824
ENSP00000340935
ENSP00000368516
ENSP00000372059

DMP1
FGFR3
IFITM5
LGR4
SATB2

ENSP00000339824
ENSP00000368516
ENSP00000372059

FGFR3
IFITM5
LGR4

incubated with antibody against SATB2 (1:200,
Abcam, Cambridge, MA, USA) at 4°C overnight. For immunohistochemistry, primary antibodies were detected using the Dako EnVision Kit
(Dako, Glostrup, Denmark) according to the manufacturer’s protocol. The staining intensity of
SATB2 was evaluated based on the percentage
of positive tumor cells: 0, no staining; 1+, <5%;
2+, 5-25%; 3+, 26-50%; 4+, 51-75%; and 5+, 76100%. The staining intensity was graded as weak
(0, 1+, 2+ and 3+) or strong (4+ and 5+).
For immunofluorescence, OS cells were incubated with SATB2 antibody (1:100, Abcam, Cambridge, MA, USA). A secondary goat anti-rabbit
IgG H&L antibody (Alexa Fluor® 555, Abcam,
Cambridge, MA, USA) was used, and the nuclei
were counterstained with DAPI (Sigma-Aldrich,
St. Louis, MA, USA). Immunofluorescence was
detected using a Zeiss LSM 780 confocal microscope (Oberkochen, Germany).

res greater than 0 were chosen. To identify genes co-expressed with SATB2, we analyzed the
mRNA expression intensities of SATB2 and the
other 48,701 genes in the OS biopsy tissue dataset GSE21257 (n=53) using Pearson correlation.
After we compared the correlation coefficient
scores, genes with scores >0.5 were selected.
After combining the ChIP-seq and co-expression
results, these genes were positively associated in
the SATB2 ChIP-seq dataset, and those that shared the same expression trend were selected as
candidate SATB-targeted genes in OS. Biological
Process (GO) analyses were performed in http://
www.string-db.org/.
For the survival analyses, gene expression data
from GSE21257 were clustered into groups using
the median, and Kaplan-Meier analyses were performed. Significance for these plots was determined using the log-rank test.

Bioinformatics Analysis
The gene expression profiles of OS biopsy (GSE14827) and normal skeletal muscle
(GSE13205) samples were performed using an
Affymetrix Human Genome U133 Plus 2.0 Array. All of the microarray data were normalized
using the GCRMA package version 2.22.0 in an R
2.12.0 environment.
For the SATB2 target gene screen, a SATB2
ChIP-seq dataset (SRX1028899) was analyzed
using the edgeR package 3.3, and genes with sco-

Supplemental Table II. Sequences of the primers used for
PCR are listed below.
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Primer

Sequence (5’ to 3’)

SATB2-F
SATB2-R
SOX2-F
SOX2-R
OCT3/4-F
OCT3/4-R
CD133-F
CD133-R

GCAGTTGGACGGCTCTCTT
CACCTTCCCAGCTTGATTATTCC
GCCGAGTGGAAACTTTTGTCG
GGCAGCGTGTACTTATCCTTCT
CCTGAAGCAGAAGAGGA TCACC
AAAGCGGCAGA TGGTCGTTTGG
CACTACCAAGGACAAGGCGTTC
CAACGCCTCTTTGGTCTCCTTG

