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Abstract. High-dose chemotherapy and surgical interven-
tion have improved long-term prognosis for non-metastatic 
osteosarcoma to 50-80%. However, metastatic osteosarcoma 
exhibits resistance to standard chemotherapy. We and others 
have investigated the function of Hedgehog pathway in osteo-
sarcoma. To apply our previous findings in clinical settings, we 
examined the effects of Hedgehog inhibitors including arsenic 
trioxide (ATO) and vismodegib combined with standard 
anticancer agents. We performed WST-1 assays using ATO, 
cisplatin (CDDP), ifosfamide (IFO), doxorubicin (DOX), and 
vismodegib. Combination-index (CI) was used to examine 
synergism using CalcuSyn software. Xenograft models 
were used to examine the synergism in vivo. WST-1 assays 
showed that 143B and Saos2 cell proliferation was inhibited 
by ATO combined with CDDP, IFO, DOX, and vismodegib. 
Combination of ATO and CDDP, IFO, DOX or vismodegib 
was synergistic when the two compounds were used on 
proliferating 143B and Saos2 human osteosarcoma cells. An 
osteosarcoma xenograft model showed that treatment with 
ATO and CDDP, IFO, or vismodegib significantly prevented 
osteosarcoma growth in vivo compared with vehicle treatment. 

Our findings indicate that combination of Hedgehog pathway 
inhibitors and standard FDA-approved anticancer agents with 
established safety for human use may be an attractive thera-
peutic method for treating osteosarcoma.

Introduction

Osteosarcoma is the most commonly diagnosed primary 
malignant tumor of the bone in children and adolescents 
(1,2). High-dose chemotherapy and surgical intervention have 
improved long-term prognosis for non-metastatic disease to 
~50-80% (3). However, a high number of patients with osteo-
sarcoma have a strong tendency of lung metastasis. Metastatic 
osteosarcoma exhibits resistance to standard chemotherapy (4).

To establish new chemotherapies to improve prognosis, 
many investigators have researched the molecular mecha-
nisms of osteosarcoma growth and metastasis. We and others 
have investigated the function of the Hedgehog pathway in 
osteosarcoma. The Hedgehog pathway plays important roles 
in embryonic development and adult organ homeostasis and 
regeneration (5,6). Binding of Hedgehog ligands (sonic, Indian, 
and desert Hedgehog) to patched1 (PTCH1) promotes release 
of smoothened (SMO), which then leads to nuclear transloca-
tion and activation of GLI transcription factors (GLI1/-2/-3). 
GLI promotes transcription of target genes, including GLI1, 
HHIP, PTCH1, CYCLIN D, BCL2 and SNAIL (7). We and 
others reported that inhibition of smoothened (SMO) or GLI 
family zinc finger 2 (GLI2) prevents osteosarcoma growth and 
invasion in vitro and in vivo (8-12).

Arsenic trioxide (ATO) is a Food and Drug Administration 
(FDA)-approved reagent that is used to treat acute promy-
elocytic leukemia (APL) patients (13). Recently, ATO was 
proposed as a potentially useful inhibitor of Hedgehog-driven 
cancers including osteosarcoma (11,14,15). Furthermore, 
an SMO inhibitor, vismodegib, has been approved for basal 
cell carcinoma treatment (16). To apply our previous findings 
in clinical settings, we examined the effects of Hedgehog 
inhibitors combined with standard anticancer agents. Our 
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findings showed that combination of Hedgehog inhibitors or 
combination of ATO and standard anticancer agents prevent 
osteosarcoma growth in vitro and in vivo.

Materials and methods

Cell lines and reagents. The human osteosarcoma cell 
lines 143B and Saos-2 were obtained from the American 
Type Culture Collection (ATCC; Manassas, VA, USA). Cell 
lines were cultured at 37˚C in 5% CO2. Cisplatin (CDDP), 
ifosfamide (IFO), and doxorubicin (DOX) were purchased 
from Sigma-Aldrich (St. Louis, USA), (Shionogi & Co., Ltd., 
Osaka, Japan). ATO (Trisenox) was purchased from Nippon 
Shinyaku Co., Ltd. (Tokyo, Japan). Vismodegib (GDC-0449) 
was purchased from LC Laboratories (Woburn, MA, USA).

Analysis of cell viability. Cells were treated with ADM, CDDP, 
IFO, vismodegib and ATO. After 48 h, cell viability was evalu-
ated by colorimetric assay for mitochondrial dehydrogenase 
activity, as described previously (15) (WST-1; Roche, Basel, 
Switzerland).

Animal studies. Examinations of xenograft models were 
performed as previously reported (9,15). For ATO and CDDP 

or ATO and IFO examinations, 143B  cells (1x106) were 
suspended in 100 µl of Matrigel (BD, NJ, USA). Suspensions 
of 143B osteosarcoma cells were subcutaneously inoculated 
in 5-week-old nude mice. For ATO and vismodegib examina-
tion, 143B cell (1x106) suspensions were inoculated into the 
left knee joint of 5-week-old nude mice. Tumor volume was 
calculated using the formula LW2/2 (L and W indicating the 
length and width of tumors).

Xenograft models were randomly treated with ATO, CDDP, 
IFO, and vismodegib or an equal volume of vehicle as control. 
All animal experiments were performed in compliance with 
the guidelines of the Institute of Laboratory Animal Sciences, 
Graduate School of Medical and Dental Sciences, Kagoshima 
University. Every effort was employed to minimize both the 
number of animals used and animal pain.

Drug combination studies. Synergism after treatment with 
Hedgehog inhibitors and standard chemotherapeutic reagents 
was evaluated using CalcuSyn software (Biosoft, Ferguson, 
MO, USA), which is based on the median-effect principle 
applied by Chou and Talalay (17). From the fraction affected 
by the dose (Fa) obtained from cell proliferation assays and 
the dose of drug (D), the software draws a dose effect curve 
and calculates the median-effect dose (Dm). Dm is same as 

Figure 1. Combination of Hedgehog inhibitors and standard anticancer agents prevents proliferation of 143B cells. The proliferation of 143B cells treated with 
ATO or ATO in combination with CDDP, IFO, DOX, and vismodegib was analyzed by WST-1 assays. The experiment was performed in triplicate producing 
similar results. **P<0.01, Kruskal-Wallis test. Error bars represent the mean (SD).
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ED50. For each combinative dose effect, a combination-index 
(CI) was generated. The effects of the combinations were then 
transformed into and displayed as fraction-affected CI plots. If 
the data of single-agent and combination use is inputted, the 
software calculates the CI, which represents of the pharma-
cological interaction of two drugs. A CI value of 1 indicated 
an additive effect between the two agents, whereas a CI<1 or 
CI>1 indicated synergism or antagonism, respectively.

Statistical analysis. Statistical analyses were performed 
using Kruskal-Wallis tests with Excel Statistics 2012 and 
2015 (SSRI, Tokyo, Japan). P-values of <0.05 were considered 
statistically significant.

Results

Combination of Hedgehog inhibitors and standard anti-
cancer agents prevents proliferation of osteosarcoma cells. 
We evaluated the effect of anticancer agents including CDDP, 
IFO, and DOX, which are standard chemotherapeutic reagents 
for osteosarcoma patients in Japan (18). To determine whether 
ATO and standard anticancer agents prevent the proliferation 
of osteosarcoma cells, we performed WST-1 assays using ATO, 
CDDP, IFO, and DOX. WST-1 assays showed that prolifera-

tion of 143B and Saos2 cells was inhibited by ATO and each 
standard chemotherapeutic reagent (Figs. 1 and 2). We next 
evaluated the effects of a combination of Hedgehog inhibitors 
using ATO and vismodegib. SMO inhibitor, vismodegib, was 
approved for the treatment of basal cell carcinoma (BCC) in 
2012 and is undergoing clinical trials for metastatic cancer and 
advanced cancer (16,19). WST-1 assays showed that 143B and 
Saos2 cell proliferation was inhibited by ATO and vismodegib 
(Figs. 1 and 2). These findings showed that combination of 
ATO and chemotherapeutic reagents prevents proliferation of 
osteosarcoma cells in vitro.

Combination of Hedgehog inhibitors and standard chemo-
therapeutic reagents prevent osteosarcoma cell proliferation 
synergistically. On the basis of these findings, we evaluated 
whether combinations of ATO and standard chemotherapeutic 
reagents could be synergistic to prevent osteosarcoma growth. 
CIs were used to examine synergism after treatment with 
Hedgehog inhibitors and standard chemotherapeutic reagents 
(17). CI values and the degree of drug interaction were evalu-
ated by CalcuSyn software. The effects of the combinations 
in 143B and Saos2 cells were then calculated and presented 
in a dose-effect plot (Figs. 3 and 4) and fraction-affected CI 
plots (Figs. 5 and 6). CIs of ATO with CDDP, IFO, or DOX at 

Figure 2. Combination of Hedgehog inhibitors and standard anticancer agents prevents proliferation of Saos2 cells. The proliferation of Saos2 cells treated with 
ATO or ATO in combination with CDDP, IFO, DOX, and vismodegib was analyzed by WST-1 assays. The experiment was performed in triplicate producing 
similar results. **P<0.01, Kruskal-Wallis test. Error bars represent mean (SD).
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Figure 3. Dose-effect curves for cumulative doses of Hedgehog inhibitors and standard chemotherapeutic reagents. 143B cells were cultured in the presence 
of ATO, CDDP, IFO, DOX, and vismodegib or in combination. Cell viability was measured by WST-1 assays. Cell viability was measured by MTT after 48-h 
exposure. The dose-effect plot reflects the dose-effect relationships for ATO, CDDP, IFO, and vismodegib and respective combinations.

Figure 4. Dose-effect curves for cumulative doses of Hedgehog inhibitors and standard chemotherapeutic reagents. Saos2 cells were cultured in the presence 
of ATO, CDDP, IFO, DOX, and vismodegib or in combination. Cell viability was measured by WST-1 assays. Cell viability was measured by MTT after 48-h 
exposure. The dose-effect plot reflects the dose-effect relationships for ATO, CDDP, IFO, and vismodegib and respective combinations.
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Figure 5. Combination of Hedgehog inhibitors and standard chemotherapeutic reagents induces synergistic inhibition of the viability of human osteosarcoma 
cells. 143B cells were cultured in the presence of ATO, CDDP, IFO, DOX, and vismodegib or in combination. Cell viability was measured by WST-1 assays. 
Cell viability was measured by MTT after 48-h exposure. Combination-index and fractions affected were plotted in combination with ATO and CDDP, IFO, 
DOX, or vismodegib.

Figure 6. Combination of Hedgehog inhibitors and standard chemotherapeutic reagents induces synergistic inhibition of the viability of human osteosarcoma 
cells. Saos2 cells were cultured in the presence of ATO, CDDP, IFO, DOX, and vismodegib or in combination. Cell viability was measured by WST-1 assays. 
Cell viability was measured by MTT after 48-h exposure. Combination-index and fractions affected were plotted in combination with ATO and CDDP, IFO, 
DOX, or vismodegib.
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ED50-90 (the average CI at ED50 to ED90) of 143B cells were 0.41, 
061, and 0.84, respectively (Table IA). CIs of ATO and CDDP, 
IFO, or DOX for ED50-90 of Saos2 were 0.75, 0.71, and 0.72, 
respectively (Table IB). Synergistic effects were observed for 
all concentrations except for combination of DOX at the ED50 
in 143B and Saos2 cells. Next, we examined the combination 
effects of Hedgehog inhibitors using ATO and vismodegib. 
Synergic effects were observed at ED50 to ED90 of 143B and 
Saos2 cells (Table I). These findings suggest that combina-
tion of Hedgehog inhibitors and standard chemotherapeutic 
reagents prevent osteosarcoma cell proliferation synergisti-
cally.

Combination therapy of Hedgehog pathway inhibitors and 
standard chemotherapeutic reagents in osteosarcoma cells 
in vivo. Nude mice were inoculated with 143B osteosarcoma 
cells. ATO, IFO, CDDP, or vismodegib were intraperitone-
ally administered, as previously reported (11,15,20). Because 
intraperitoneal DOX treatment induces severe peritonitis, 
intravenous administration of DOX is recommended (20). 
Our preliminary experiment showed intravenous treatment 
could not achieve reproducibility because of vascular leak 
and vascular occlusion. Compared with vehicle treatment, 
treatment with ATO and CDDP or IFO significantly prevented 
tumor growth (Fig. 7A  and  B). Next, we examined the 
combined effect of Hedgehog inhibitors, ATO and vismo-

degib. Compared with the vehicle control, ATO, or vismodegib 
treatment, combination of ATO and vismodegib significantly 
prevented tumor growth (Fig. 7C). These findings suggest that 
the combined administration of ATO and standard chemo-

  A

  B

  C

Figure 7. Combination of Hedgehog inhibitors and standard chemothera-
peutic reagents induces synergistic inhibition of human osteosarcoma growth 
in vivo. Stably GFP-expressing 143B cells were inoculated subcutaneously or 
into the left knee joint of nude mice (n=8 or 9 per group). Tumor volume was 
calculated weekly using the formula LW2/2 (where L and W represent the 
length and width of tumors). Seven days following inoculation, tumor volume 
was set as 1, and the tumor volume was evaluated at different time-points. 
Treatment with ATO and CDDP, IFO, or vismodegib prevented osteosarcoma 
growth in vivo. *P<0.05, **P<0.01, Kruskal-Wallis test.

Table I. Combination index (CI) for chemotherapy drugs.

A, 143B	

Drugs	 CI ED50	 CI ED75	 CI ED90	 CI ED50-90

ATO + CDDP	 0.52	 0.39	 0.32	 0.41
(CR;1:4)
ATO + IFO	 0.79	 0.59	 0.47	 0.61
(CR;1:5,000)
ATO + DOX	 1.13	 0.80	 0.60	 0.84
(CR;5:1)
ATO + Vis	 0.22	 0.39	 0.69	 0.43
(CR:1:200)

B, Saos2

Drugs	 CI ED50	 CI ED75	 CI ED90	 CI ED50-90

ATO + CDDP	 0.89	 0.70	 0.66	 0.75
(CR;1:4)
ATO + IFO	 0.89	 0.69	 0.56	 0.71
(CR;1:5,000)
ATO + DOX	 1.06	 0.67	 0.44	 0.72
(CR;5:1)
ATO + Vis	 0.28	 0.45	 0.75	 0.49
(CR:1:200)
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therapeutic reagents might be effective in the treatment of 
osteosarcoma.

Discussion

Aberrant activation of the Hedgehog pathway due to mutations 
of regulatory components or without driver mutations have 
been reported in many malignancies (21-28). Although treat-
ment with vismodegib substantially benefited patients with 
advanced basal cell carcinoma (29), there have been disap-
pointing reports for vismodegib from trials in colorectal and 
ovarian cancers (30,31) and clinical trials of saridegib (a SMO 
inhibitor) were halted because of failures in pancreatic cancer, 
myelofibrosis and chondrosarcoma (28). In addition, muta-
tions in SMO and Sufu heterozygous mice have been shown 
to be unresponsive to SMO inhibitors (28,32). Non-Hedgehog 
pathway-mediated activation of GLI transcription has been 
also reported (28). These findings suggest that additional 
approaches should be considered for Hedgehog inhibition 
therapy for malignancy. Accordingly, ATO, which inhibits 
GLI transcription, may be a more effective Hedgehog targeting 
agent.

We and others reported that SMO and GLI2 were 
overexpressed in human osteosarcoma specimens (8,9,12). 
Upregulated expression levels of GLI2 correlated with lung 
metastasis and poor survival of osteosarcoma patients (11,12). 
Inhibition of GLI2 or SMO prevents osteosarcoma growth 
both in vitro and in vivo (8,9). ATO inhibits the activation 
of Hedgehog signaling and promotes apoptotic cell death 
in osteosarcoma cells (15). We used ATO at 10 mg/kg body 
weight intraperitoneally, as previously reported (33). However, 
the concentration of ATO used in vivo was two-fold greater 
than that used for human APL therapy (34). To decrease the 
ATO concentration, combinations of Hedgehog inhibitors 
and standard anticancer drugs were examined. Our findings 
showed that combined treatment of ATO with CDDP, IFO, 
or DOX prevents osteosarcoma proliferation synergistically 
in vitro. In vivo examinations showed that statistical differ-
ences in tumor size were observed between the vehicle and 
combinations of ATO with CDDP or ATO with IFO. These 
findings suggest that combination therapy might decrease 
the effective concentration of each drug. The lower levels 
of reagents that could be used in these combinations might 
reduce toxicities associated with effective use of a single drug.

Kim et al reported that combined use of ATO and itra-
conazole, a SMO inhibitor, enables a reduced dose of ATO 
and itraconazol to prevent medulloblastoma and basal cell 
carcinoma growth (35). Consistent with this report, we showed 
that combined use of ATO with vismodegib permits a reduced 
dose of both ATO and vismodegib, and inhibited osteosar-
coma growth synergistically in vitro and in vivo. Although the 
majority of side effects of vismodegib are not so severe, >50% 
of patients discontinued their drug treatment because of side 
effect concerns for long-term compliance (16,36). Combination 
of ATO with vismodegib might decrease the effective concen-
tration of each drug. The lower levels of reagents that could be 
used in these combinations might reduce toxicity.

Because osteosarcoma is an extremely heterogeneous and 
genomically unstable tumor (37), preselection of osteosarcoma 
patients with activated Hedgehog is required before treatment 

with Hedgehog inhibitors. Shou et al developed a five-gene 
Hedgehog signature for patient preselection for Hedgehog 
inhibitor therapy in medulloblastoma (38). This method might 
be useful for other Hedgehog-activated malignancies including 
osteosarcoma.

There is a possibility that the pleotropic effect of ATO and 
off-target effects of SMO might affect the growth inhibition 
of osteosarcoma. Nonetheless, combinations of ATO with 
vismodegib or standard anticancer reagents showed promising 
therapeutic efficacy for osteosarcoma.

Taken together, these findings indicate that combination 
of Hedgehog pathway inhibitors and standard FDA-approved 
anticancer agents with established safety profiles for human 
use may be an attractive therapeutic method for treating osteo-
sarcoma.
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