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Abstract. Background/Aim: Osteosarcoma is a recalcitrant
heterogenous malignancy. The aim of the present study was to
compare a series of multikinase inhibitors (MKIs) for efficacy on
two drug-resistant osteosarcoma patient-derived orthotopic
xenograft (PDOX) models in order to identify a clinical candidate.
Materials and Methods: The two osteosarcoma PDOX models
were tested for response to the following MKIs: pazopanib,
sunitinib, sorafenib, crizotinib, and regorafenib, in comparison to
first-line treatment with cisplatinum and an untreated control.
Results: Regorafenib led to regression of osteosarcoma in both
PDOXs. Total necrosis was observed pathologically in the
regorafenib-treated tumors. Sorafenib arrested growth, without
inducing regression, in one osteosarcoma model but not the other,
and the other MKIs only slowed tumor growth. Conclusion: The
present study demonstrated that regorafenib is much more
effective than the other MKIs tested and has clinical potential
against recalcitrant osteosarcoma.

Osteosarcoma is a highly-malignant primary bone tumor
arising from heterogeneous transformed cells of
mesenchymal origin within the skeleton. The rarity and
heterogeneity of this disease has limited the discovery of
improved treatment options (1, 2).
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In recent years, multikinase inhibitors (MKIs) such as
sunitinib, sorafenib, pazopanib, crizotinib and regorafenib
have shown promising results, initially in renal-cell cancer
(RCC) (3), hepatocellular carcinoma (HCC) (4), and
thyroid cancer (5). MKIs simultaneously target several
kinases (6). Preclinical results have indicated the potential
efficacy of MKIs against osteosarcoma; however, there is
presently no approved MKI for first-line treatment of
osteosarcoma (7, 8).

We developed patient-derived orthotopic xenograft
(PDOX) models of all major types of malignancies,
including osteosarcoma, with the technique of surgical
orthotopic implantation (SOI), allowing effective and
ineffective drugs to be distinguished (9-13). The PDOX
models recapitulate human-tumor behavior better than other
in vivo models due to their intact histology and correct
organ—tumor microenvironment of the orthotopically-
implanted tumor (14-16). Recently, we demonstrated that
sorafenib, which targets intracellular kinase activity of
vascular endothelial growth factor receptors (VEGFRs),
inhibited chemotherapy-resistant osteosarcoma in PDOX
models, indicating its potential for the treatment of
osteosarcoma (17, 18).

The present study screened a panel of MKIs in two
independent osteosarcoma PDOX models, in order to
identity the best clinical candidate.

Materials and Methods

Mice. Athymic nude mice, 4-6 weeks old, were used. Mouse
housing, experimental procedures and data collection were
conducted as described in our previous publications (9-13, 15, 17,
18). All surgical procedures were performed under appropriate
anesthesia and analgesics to minimize any suffering of the animals
in accordance with the principles and procedures summarized in
the National Institutes of Health Guide for the Care and Use of
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Figure 1. Efficacy of multikinase inhibitors (MKIs) on osteosarcoma patient-derived orthotopic xenograft (PDOX) mouse models. Line graphs show
tumor volume at time points after treatment initiation relative to tumor volume at the beginning of treatment. A: Osteosarcoma PDOX established
from a tumor of a patient with conventional pelvic osteosarcoma (PDOX 1). B: Osteosarcoma PDOX established from a bone metastasis from a
patient who had undergone resection of primary osteosarcoma of the left femur (PDOX 2). Data are mean + standard error of mean (SEM).

Significantly different at: *p<0.05, **p<0.01, and ***p<0.001.

Animals under Assurance Number A3873-1. An AntiCancer,
Institutional Animal Care and Use Committee protocol specifically
approved this study.

Patient-derived tumors for establishment of PDOX models. PDOX
1: A biopsy sample was obtained from a 14-year-old patient who
presented with conventional osteosarcoma of the pelvis. Neither
chemotherapy nor radiotherapy was performed before biopsy (9).
PDOX 2: A surgical sample of the metastatic lesion of the left tibia
was obtained from a 23-year-old patient who had been diagnosed
with conventional osteosarcoma of the femur and subsequently
presented with lung metastasis after failure of cisplatinum-based
chemotherapy. Written informed consent was provided from the
patients and their parents under an Institutional Review Board-
approved protocol of University of California, Los Angeles (IRB
#10-001857).

These fresh tumor samples were previously transported to the
laboratory on ice and established in nude mice using small tumor
fragments transplanted subcutaneously (10, 11, 17-19).

Osteosarcoma PDOX models. The subcutaneously-implanted
tumors, grown to more than 10 mm in diameter, were resected and
small fragments (2-3 mm) were made from the resected tumors. SOI
of the tumor fragments into nude mice was performed as previously
described: A 10-15 mm skin incision was made on the lateral side
of the distal thigh. The vastus lateralis muscle and biceps femoris
muscle were split, and the lateral patello-femoral ligament was cut
to reach the distal femur. The lateral condyle of the femur was
resected with scissors to create a space. A single tumor fragment
was inserted into this space and the muscle as well as the skin were
sutured with 6-0 nylon (9, 17-19).
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Study drugs. The following drugs were used in the present study:
Cisplatinum (Bristol Myers Squibb, New York, NY, USA) a
standard first-line treatment for osteosarcoma; pazopanib
(GlaxoSmithKline Plc., London, UK), an MKI approved for soft-
tissue sarcoma and RCC (20); sunitinib (Pfizer Inc., New York, NY,
USA), an MKI approved for gastrointestinal stromal tumors (GIST)
and RCC (21); sorafenib (Bayer AG, Leverkusen, Germany), an
MKI approved for RCC, HCC, and thyroid carcinoma (22);
crizotinib (Pfizer Inc.), an MKI approved for non-small-cell lung
cancer and anaplastic large-cell lymphoma (23); and regorafenib
(Bayer AG), an MKI approved for metastatic colorectal cancer,
GIST, and metastatic HCC (24).

Treatment study-design. The established osteosarcoma PDOX
models were divided into seven treatment groups of six mice
each: Group 1: Control, treated orally daily with phosphate-
buffered saline at 100 pl/mouse; group 2: 6 mg/kg cisplatinum
injected intraperitoneally once a week; group 3: 50 mg/kg
pazopanib orally daily; group 4: 40 mg/kg, sunitinib orally daily;
group 5: 30 mg/kg sorafenib orally daily; group 6: 25 mg/kg
crizotinib orally daily; group 7: 30 mg/kg regorafenib orally daily.
Treatment started 3 weeks after SOI and lasted 2 weeks. Tumor
diameter and mouse body-weight were monitored with a digital
caliper and a digital scale, respectively, twice a week. The
formula [tumor volume (mm?3) = long diameter (mm) x short
diameter (mm) x short diameter (mm) x 0.5] was used for tumor-
volume calculation.

Tumor histology. Resected tumors were embedded in paraffin after
adequate fixation in formalin followed by sectioning and staining.
After deparaffinization and rehydration of the tissue sections in
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Figure 2. Waterfall plot of tumor volume at the end of treatment relative to tumor volume at the beginning of treatment for each osteosarcoma
patient-derived orthotopic xenograft (PDOX) mouse model. A: PDOX 1. B: PDOX 2. Data are meanzstandard error of mean (SEM). Significantly

different at: *p<0.05, **p<0.01, and ***p<0.001.
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Figure 3. Representative images of osteosarcoma patient-derived orthotopic xenograft mouse models PDOX 1 and PDOX 2 at the completion of

treatment. Arrows indicate the tumor margins. Scale bars: 10 mm.

xylene and ethanol, the sections were stained with hematoxylin and
eosin. Histological responses to the drugs, including cancer necrosis
and cancer-cell density, were evaluated.

Statistical analysis. One-way analysis of variance or a paired #-test
using EZR statistical software (Jichi Medical University Saitama
Medical Center, Saitama, Japan) were used for statistical analyses.
Data are shown as the meantstandard error of the mean. All p-
values were two-sided and values of p<0.05 were considered
significant.

Results

Efficacy of MKIs in the osteosarcoma PDOX models. Only
regorafenib led to tumor regression in both osteosarcoma
PDOX models and apparent tumor eradication in PDOX 1
(Figures 1-3). Tumor size was significantly lower in mice
treated with regorafenib compared to the control, and
crizotinib- and pazopanib-treated mice in both osteosarcoma
PDOX models and compared to cisplatinum only in PDOX
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Figure 4. Hematoxylin and eosin-stained sections of tumors resected from osteosarcoma patient-derived orthotopic xenograft (PDOX 1) mouse models
under different treatments. A: Control. B: Crizotinib C: Pazopanib. D: Cisplatinum. E: Sunitinib. F: Sorafenib. G: Regorafenib. Scale bars: 100 um.

Figure 5. Hematoxylin and eosin-stained sections of tumors resected from osteosarcoma patient-derived orthotopic xenograft mouse models (PDOX 2)
under different treatments. A: Control. B: Crizotinib. C: Pazopanib. D: Cisplatinum. E: Sunitinib. F: Sorafenib. G: Regorafenib. Scale bars: 100 um.
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Figure 6. Body weight of osteosarcoma patient-derived orthotopic
xenograft mouse models (PDOX) before and after different treatments. A:
Control. B: Crizotinib. C: Pazopanib. D: Cisplatinum. E: Sunitinib. F':
Sorafenib. G: Regorafenib. Scale bars: 100 um. Data are mean=standard
error of mean (SEM). Significantly different at: *p<0.05.

1. Sorafenib and sunitinib significantly inhibited tumor
growth in PDOX 1 compared to the control, but not in
PDOX 2 (Figures 1-3).

Histology of the osteosarcoma PDOX models. In both PDOX
models, control tumors comprised dense, viable cancer cells
with many mitoses and osteoid formation. Tumors treated
with crizotinib, pazopanib, or cisplatinum in both PDOX
models, and those in PDOX 1 treated with sunitinib,
exhibited a lower density of viable cancer cells than in
control mice. Tumors treated with sunitinib in PDOX 2 and
sorafenib in both models comprised a small number of viable
cancer cells and calcification or fibrosis of stromal tissue.
Total necrosis, with many calcifications and fibrosis, was
found in tumors treated with regorafenib in both PDOX
models (Figure 4 and Figure 5).

Effects of MKIs on mouse survival and body-weight in the
osteosarcoma PDOX models. No mouse died in any group.
There was a significant increase in mouse body-weight in
control (p=0.04) and pazopanib-treated (p=0.03) mice. No
significant body-weight change was found in the other
groups (Figure 6).

Discussion

The present study demonstrated that out of the five MKIs
screened, only regorafenib induced tumor regression and total
necrosis in two independent, drug-resistant PDOX models of
osteosarcoma which were resistant to first-line cisplatinum.
We developed the PDOX model for all major cancer
types, including osteosarcoma, and have demonstrated the

efficacy of many approved and experimental chemotherapy
drugs indicated for other malignancies, for precision
medicine, which is especially important for rare types of
cancer (9-13, 15, 17, 18). We recently reported that
combination treatment including sorafenib, an MKI, is
effective against osteosarcoma in PDOX models, suggesting
the potential usefulness of MKIs for treating osteosarcoma
(17, 18). MKIs prevent progression of many types of cancer
by inhibiting multiple hyper-activated-receptor kinases, such
as fibroblast-growth-factor receptor, VEGFR, and stem-cell
factor (c-KIT) (5, 6, 8, 25). Abnormality of these receptor
kinases has also been reported in sarcoma. Pazopanib has
been used for advanced soft-tissue sarcoma, with limited
efficacy (26, 27). For osteosarcoma treatment in the clinic,
no MKI is currently approved, despite many receptor-kinase
abnormalities associated with osteosarcoma, probably due
to the rarity and heterogeneity of the disease which leads to
difficulty in accumulating clinical and pre-clinical evidence.
In the present study, we found regorafenib was the most
effective MKI among multiple MKIs tested on osteosarcoma
PDOX models. Regorafenib, an oral small-molecule MKI,
targets angiogenic (VEGFRs, angiopoietin-1 and -2),
stromal (platelet-derived growth factor receptor f3, fibroblast
growth factor receptor), and oncogenic- receptor tyrosine
kinases (c-KIT, rapidly-accelerated fibrosarcoma [RAF], and
rearranged during transfection [RET]) (26, 28). Regorafenib
was initially approved for the treatment of metastatic
colorectal cancer, and subsequently for HCC and GIST, but
it has not been approved for sarcoma (26, 28). We
previously reported that regorafenib led to regression of a
chest-wall-metastatic Ewing’s sarcoma in a PDOX model,
suggesting it may be effective for other sarcoma types (29).
Tumor regression and total necrosis caused by regorafenib
were observed in two different osteosarcoma PDOX models
in the present study, suggesting the clinical potential of
regorafenib for recalcitrant osteosarcoma. Common
mechanisms of drug resistance and sensitivity observed
among the osteosarcoma PDOX models will be determined
in future studies.
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