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Combination Treatment With Sorafenib and
Everolimus Regresses a Doxorubicin-resistant
Osteosarcoma in a PDOX Mouse Model
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Abstract. Background/Aim: Osteosarcoma is a rare but
recalcitrant type of bone cancer. To discover an effective
therapy for osteosarcoma, we used a patient-derived orthotopic
xenograft (PDOX) mouse model. A PDOX mouse model has
been established for all major cancer types. Strong synergistic
efficacy of sorafenib (SFN) and everolimus (EVL) has been
demonstrated in several cancers. In the present study, we
examined the efficacy of a SFN and EVL combination on a
doxorubicin (DOX)-resistant osteosarcoma PDOX. Materials
and Methods: The osteosarcoma PDOX models were randomly
divided into five treatment groups, each containing six mice:
Control; DOX; SFN; EVL; and a combination of SFN and EVL.
Mice were treated for 14 days. To observe the efficacy of these
treatments, tumor size and body weight were measured, and
histological sections were analyzed. Results: Tumor growth
regression was observed only in the mice treated with the
combination of SFN-EVL. Histological analysis revealed
necrosis with degenerative changes in tumors treated with a
combination of SEFN-EVL. Conclusion: A SFN-EVL combination
could be a novel effective treatment option for osteosarcoma.
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Osteosarcoma is a rare type of malignancy. More than 800
new cases of osteosarcoma are diagnosed in the United
States each year (American Cancer Society, Cancer Facts &
Figures 2019. Atlanta, Ga. American Cancer Society; 2019).
Advances in multimodal therapy have improved the survival
rates by more than 65% for patients with localized
osteosarcoma (1). However, recurrent and progressive
osteosarcoma is a recalcitrant disease.

Sorafenib (SFN), an inhibitor of various tyrosine protein
kinases (2, 3), reduces tumor microvessel density and shows
anti-proliferative activity in various solid tumors (4-7).

Everolimus (EVL) is the mammalian target of rapamycin
(mTORC1)-specific inhibitor (8). The phosphati-dylinositol-
3 kinase (PI3K)-Akt-mTOR signaling pathway that controls
cell proliferation, autophagy, resistance to apoptosis, and
tumor development in various human cancers including
osteosarcoma (8, 9).

EVL has been shown to increase the activity of SFN by
targeting different intracellular targets and can reverse
resistance to SFN. Synergistic interactions between SFN and
EVL have been shown in studies of several cancers such as
renal, hepatic, and pancreatic cancers (4-7, 9-11).

In the present study, we tested the efficacy of the SEFN-EVL
combination on doxorubicin (DOX)-resistant patient-derived
orthotopic xenograft (PDOX) mouse model of osteosarcoma.

Materials and Methods

Animals. In the present study, we used athymic nu/nu nude mice
(AntiCancer, Inc., San Diego, CA, USA). The mouse investigations
were conducted in compliance with an AntiCancer, Inc. Institutional
Animal Care and Use Committee (IACUC) protocol exclusively
approved for this study (12, 13). All the animal studies were
conducted according to the principles and procedures described in
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the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals under Assurance Number A3873-1 (12, 13).
During surgery, suffering of the animals were minimized using
anesthesia and analgesics (12, 13).

Patient-derived tumor. A fresh biopsy sample of a 14-year-old boy
with pelvic osteosarcoma was used (13, 14). No chemotherapy or
radiotherapy was given to the patient before biopsy. The patient
provided written informed consent as part of a UCLA Institutional
Review Board approved protocol (IRB#10-001857) (13). The
patient tumor sample was cut into 5-mm fragments and individual
pieces were subcutaneously implanted into nude mice (13).

Establishment of an osteosarcoma PDOX model. Anesthesia to the
mice was performed as previously described (14). Harvesting of
subcutaneous-implanted tumors, their fragmentation, and
implantation into the mouse’s distal femur, and wound closure to
establish an osteosarcoma-PDOX model were performed as
previously described (13-15) (Figure 1A).

Treatment scheme. The osteosarcoma PDOX mouse models were
randomly divided into 5 groups (Figure 1B). Each group contained
six mice. Mice were treated with the following drugs for 2 weeks
(Figure 2B): Group 1 (G1), untreated control; Group 2 (G2), DOX
(3 mg/kg, intraperitoneal [i.p.] injection, once a week) alone; Group
3 (G3), SFN (30 mg/kg, oral, daily) alone; Group 4 (G4), EVL (5
mg/kg, oral, daily); Group 5 (G5), SFN (30 mg/kg, oral, daily) +
EVL (5 mg/kg, oral, daily). Treatment started once tumor size
became 100-200 mm3 (14, 15). Tumor length, and width, and body
weight of the mouse were measured twice/ week (14, 15). Tumor
volume was calculated based on our previous publications (14, 15).
Data are expressed as meanzstandard error of the mean (SEM).

Histological analysis. Tumor sample fixation, and paraffin
embedding, sectioning, and immunofluorescence staining were
performed based on our previous publications (14, 15). Hematoxylin
& eosin staining was conducted following a standard protocol.

Statistical analysis. All statistical analyses were performed as
previously reported (14) The Shapiro-Wilk test was used to assess
normal distribution. To verify the homogeneity of variances across
between groups, the Bartlett’s test was performed. For the parametric
test for inter-group comparison, one-way ANOVA with Tukey’s HSD
for post-hoc analysis was conducted. The paired t-test using a
parametric test was performed to compare the means between two
related groups. All p-values were two-sided and a p-value of <0.05
was regarded as statistically significant.

Results

Effect of SFN, EVL, DOX on the osteosarcoma-PDOX. No
statistical difference was observed in osteosarcoma PDOX
growth between DOX and the control (p=0.2). Treatment
individually with SFN or EVL resulted in significant
inhibition of osteosarcoma PDOX growth, but moderately,
compared with the control (p<0.001 and p<0.001,
respectively) or with DOX alone (p=0.005 and p=0.005,
respectively). However, the combination of SFN-EVL
significantly regressed the osteosarcoma PDOX tumor
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(compared with control: p<0.001 or DOX alone: p<0.001).
(Figures 2, 3A, B).

Effect of SFN, EVL, DOX on body weight. Mouse body
weight was measured before treatment and after treatment.
The body weight at the end of treatment of control mice, or
mice treated with DOX alone or SFN alone, increased
significantly compared with the initial body weight
(»=0.004, p=0.01, and p=0.009, respectively). We did find
a significant difference in body weight among the other
groups (Figure 3C). In addition, no side effects or animal
deaths were observed in any treatment group.

Histology of the osteosarcoma in PDOX. The control tumor or
tumor treated with DOX showed viable highly-dense cancer
cells with a pleomorphic spindle-like phenotype. Osteosarcoma
PDOX tumors treated with SFN alone or EVL contained viable
cancer cells even though the cancer-cell density was lower
compared to the control. Further, when osteosarcoma PDOX
tumors were treated with the SFN-EVL combination, we
observed the lowest cancer-cell density with necrotic cancer
cells and degenerative scars in the stroma (Figure 4).

Discussion

In this study, we showed that a combination of SFN-EVL
regressed a DOX-resistant osteosarcoma in a PDOX model.
To the best of our knowledge, this is the first study that shows
that an SFN-EVL combination is active in osteosarcoma.

Targeting major signaling pathways through combination
therapies could improve the antitumor efficacy and minimize
drug resistance after up-regulation of a secondary pathway as
a result of treatment with single-agents. It has been reported
that SFN together with PI-103 inhibits EGF-stimulated
Ras/Raf/MAPK and PI3K/AKT/mTOR pathways (16). Even
though SFN has upstream inhibitory effects on the
MAPK/ERK pathway, it can also stimulate downstream
components by upregulating mTORC2 activity, resulting in
disease progression or induce resistance of the tumor to SFN
(11). EVL, when combined with SFN, can minimize the
stimulatory effect of SFN on mTORC?2 by disassembling this
protein complex (11). Furthermore, EVL has been shown to
reduce the resistance to SFN in osteosarcoma because the
AKT-mTOR pathway, which is the main target of EVL, has
a role in resistance to SFN in osteosarcoma. This suggests the
high synergy SFN-EVL combination on osteosarcoma (9). In
the present study, we determined moderate efficacy of SFN
or EVL alone and high efficacy of the SFN-EVL combination
on a DOX-resistant osteosarcoma in a PDOX model.

We have established PDOX mouse model for all major
cancers. We have shown that the PDOX model is more
patient-like compared to subcutaneous patient-derived
xenograft (PDX) models (17, 18). We have previously
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Figure 1. Establishment of the osteosarcoma PDOX model and treatment scheme. Schematic diagram of establishing the osteosarcoma PDOX model
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graphs after the initiation of treatment. Data are as tumor volume presented relative to the initial tumor volume for each treatment and the control
group. Relative tumor volume at day 14 relative to the initial tumor volume for each mouse is presented in a waterfall plot (B). N=6 mice/group.

**p<0.01; ***p<0.001. Error bars: +SEM.

demonstrated that the PDOX model retains the
histopathological/molecular characteristics of the original
tumor after transplantation in mice (19, 20). PDOX models
provide a unique opportunity to derive precise and
personalized treatment choices for sarcoma patients.

In conclusion, the present study uniquely demonstrates the
power of the PDOX model in identifying effective treatment
of osteosarcoma with an SFN and EVL combination. The
fact that the SFN-EVL combination could regress the
osteosarcoma PDOX tumor suggests clinical promise.
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Figure 3. Representative photographs of the osteosarcoma PDOX mouse models from each treatment group at the end of treatment (A). The
approximate margin of the tumors are indicated by yellow arrows. Bar graphs show relative tumor volume of each treatment group on day 14 (B).
N=6 micelgroup. **p<0.01; ***p<0.001. Error bars: +SEM. (C) Effect of DOX, SFN, EVL, and SFN+EVL on mouse body weight at pre- and post-
treatment times. N = 6 mice/group. *p<0.05; **p<0.01. Error bars: +SEM.

Figure 4. Tumor histology. Untreated control (A), DOX (B), SFN (C), EVL (D), combination treatment with SEFN + EVL (E). Scale bars: 100 um.
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