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Osteosarcoma (OS) is the most frequent primary solid malignant tumor of bone. Its

prognosis remains poor in the substantial proportion of patients who do not

respond to chemotherapy and novel therapeutic options are therefore needed. We

previously established a mouse model that mimics the aggressive behavior of

human OS. Enzyme-linked immunosorbent assay-based screening of such mouse

tumor lysates identified platelet-derived growth factor–BB (PDGF-BB) as an abun-

dant soluble factor, the gene for which was expressed dominantly in surrounding

non-malignant cells of the tumor, whereas that for the cognate receptor (PDGF

receptor b) was highly expressed in OS cells. Platelet-derived growth factor-BB

induced activation of both MEK–ERK and phosphatidylinositol 3-kinase–protein

kinase B signaling pathways and promoted survival in OS cells deprived of serum,

and these effects were blocked by the PDGF receptor inhibitor imatinib. However,

these actions of PDGF-BB and imatinibweremostlymasked in the presence of serum.

Whereas imatinib alone did not manifest an antitumor effect in mice harboring OS

tumors, combined treatment with imatinib and adriamycin exerted a synergistic an-

tiproliferative effect on OS cells in vivo. These results suggest that treatment of OS

with imatinib is effective only when cell survival is dependent on PDGF signaling or

when imatinib is combined with another therapeutic intervention that renders the

tumor cells susceptible to imatinib action, such as by inducing cellular stress.

O steosarcoma (OS), the most common primary malignant
solid tumor of bone, is distinguished by its aggressive

local growth at the primary site and systemic hematogenous
dissemination at an early stage of the disease.(1) Although che-
motherapy regimens have improved the survival rate, 20–30%
of patients are still refractory to the conventional treatment.(2)

Novel molecularly targeted therapies of more efficacy and less
toxicity are thus needed.(3,4) The development of such
approaches has been hindered, however, by a lack of definitive
insight into the molecular drivers of the aggressive behavior of
OS.
We previously established a mouse OS model by c-MYC

overexpression in bone marrow stromal cells from Ink4a/Arf
knockout mice.(5) Inoculating these AXT cells into syngeneic
C57BL ⁄6 mice results in lethal osteoblastic tumors accom-
panying osteoid formation and rapid systemic dissemina-
tion including metastasis to the lung, both of which
reflect the pathology of human high-grade osteosarcoma. Not
only cell intrinsic events, such as regulation of PPARc,(5)

Imp3,(6) and Twist2(7) gene expressions, but also environ-
mental factors were found to contribute to the malignant
phenotype.(8–10)

The tumor microenvironment is an important source of fac-
tors for tumor progression. Neighboring stromal cells and
inflammatory cells provide cancer cells with soluble agents
such as growth factors, cytokines, and chemokines that confer
invasive and malignant properties.(11,12) Characterization of the
mechanisms by which the growth of OS is regulated by its
microenvironment would embrace some possibility to provide
a basis for novel treatments. To identify candidate growth-pro-
moting molecules, we screened for soluble factors using our
model system. There we found platelet-derived growth factor
(PDGF)-BB as a factor whose concentration in a tumor lysate
was greater than that in serum.
Platelet-derived growth factor signaling has been considered

a potential target in cancer therapy for its ability to evoke
tumorigenic cellular responses.(13) Dysregulation of such sig-
naling has been detected in various malignancies, including
glioma, gastrointestinal stromal tumor (GIST), and dermatofi-
brosarcoma protuberans. Imatinib is a tyrosine kinase inhibitor
targeting the BCR–ABL fusion protein as well as c-Kit and
the PDGF receptor (PDGFR). Dermatofibrosarcoma protuber-
ans is driven by constitutive expression of PDGFB, and imati-
nib has been approved as a first-line therapy for this tumor.(14)

© 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distribution
in any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

Cancer Sci | July 2015 | vol. 106 | no. 7 | 875–882

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


In OS, although PDGF signaling has been implicated in its
malignancy and inhibition of such signaling has been proven
effective in some studies,(15–19) imatinib has not yet achieved
marked success in clinical treatment.(20,21) This controversy
has been left unsolved and it remains unclear how PDGF sig-
naling contributes to OS pathogenesis or whether its attenua-
tion is a rational treatment strategy. We have now examined
the role of PDGF signaling in OS cells as well as the efficacy
and validity of PDGFR-targeted therapy for this malignancy
using our newly established mouse model.

Materials and Methods

Cell culture. AXT cells were established as previously
described.(5,6) Human OS cell lines SAOS2, SJSA1, and U2OS
were obtained from ATCC (Manassas, VA, USA) and the
human CML cell line K562 was from Japanese Collection of
Research Bioresources (Osaka, Japan). AXT and other OS
cells were maintained in Iscove’s modified Dulbecco’s medium
(IMDM) (Invitrogen, Carlsbad, CA, USA) and K562 cells were
maintained in RPMI-1640 (Invitrogen), both of which were
supplemented with FBS. Recombinant murine PDGF-BB was
obtained from PeproTech (Rocky Hill, NJ, USA) and imatinib
was from Cayman Chemical (Ann Arbor, MI, USA).

Quantitative analysis of PDGF-BB. Tumors and adjacent host
tissue were suspended in cell lysis buffer (Cell Signaling Tech-
nology, Danvers, MA, USA) and disrupted with a Biomasher
(Nippi, Tokyo, Japan). The concentration of PDGF-BB in the
tumor lysate was quantified with Bio-Plex Pro Mouse Cytokine
9-plex Assay G2 (Bio-Rad, Hercules, CA, USA).(8)

Cell proliferation assay. Proliferation of OS or CML cells in
96-well tissue culture plates was measured in triplicate with
the use of a Cell Titer Glo cell proliferation assay kit (Pro-
mega, Madison, WI, USA).

Immunoblot analysis. Immunoblot analysis was carried out
according to standard procedures. Primary antibodies to phos-
phorylated or total forms of ERK1 ⁄2, protein kinase B (Akt),
and glycogen synthase kinase 3b were obtained from Cell
Signaling Technology and those to a-tubulin and b-actin were
from Sigma-Aldrich (St. Louis, MO, USA). For detection of
PDGFRb phosphorylation, cell lysates were subjected to
immunoprecipitation with anti-PDGFRb antibodies (Epitomics,
Burlingame, CA, USA), and the immunoprecipitates were sub-
jected to immunoblot analysis with antibodies to phospho-
PDGFRb (Epitomics).

Cell migration assay. Transwell membrane filter inserts with
a pore size of 8 lm (BD Biosciences, San Jose, CA, USA)
were placed in 24-well plates containing IMDM supplemented
with 0.5% FBS. Cells were seeded inside the inserts in serum-
free IMDM with or without PDGF-BB (200 ng ⁄mL). After
culture for 4 h, cells were fixed and stained as previously
described.(8) Stained cells were counted microscopically and
values for four randomly chosen high-magnification (9400)
fields of each membrane were summed. Each assay was car-
ried out in triplicate.

Tumor xenograft model. Animal care and procedures were
carried out in accordance with the guidelines of Keio Univer-
sity (Tokyo, Japan). AXT cells (1 9 106) were injected s.c.
into syngeneic 7-week-old female C57BL ⁄6 mice (SLC, Shi-
zuoka, Japan). Tumors were isolated 1 month after cell injec-
tion for extraction of total RNA. For evaluation of the effect
of combined treatment with imatinib and adriamycin (ADR),
mice were injected s.c. and bilaterally with AXT cells
(5 9 105) on day 0. The mice were then randomly assigned to

four groups for treatment with imatinib (100 mg ⁄kg) by mouth
on days 10–15 and 18–23, with ADR (6 mg ⁄kg) injected once
daily i.v. on days 13 and 15, or with neither or both. Tumors
and lungs were isolated for analysis on day 24 after euthana-
sia.

Reverse transcription and real-time PCR analysis. Total RNA
extraction, reverse transcription, and real-time PCR analysis
was carried out as previously described.(8) The sequences of
the primers (sense and antisense, respectively) were 5ʹ-GTGA-
GACAGTAGTGACCCCT-3ʹ and 5ʹ-TTCTCACCGTCCGAA
TGGTC-3ʹ for Pdgfb, 5ʹ-GTCTACTCGCAACATGTCTG-3ʹ
and 5ʹ-GAAGGAGAGCTGGACCTCAT-3ʹ for Pdgfrb, and 5ʹ-
CAACCGTGAAAAGATGACCC-3ʹ and 5ʹ-TACGACCAGAG
GCATACAG-3ʹ for Actb.

Immunohistochemistry. Immunohistochemical analysis was
carried out by standard methods. Sections were stained with
antibodies to Ki67 (Abcam, Cambridge, UK), GFP (Santa Cruz
Biotechnology, Dallas, TX, USA), or PDGFRb (Epitomics).
Immune complexes were detected with the use of Histofine
(Nichirei Bioscience, Tokyo, Japan) and ImmPACT DAB
(Vector Laboratories, Burlingame, CA, USA). For quantifica-
tion of Ki67 positivity, positively stained cells and the total
number of cells was evaluated in four high-magnification
(9400) fields selected from the regions of maximal staining
and the values were summed to calculate the ratio of the stain-
positive cells to the total cell count. To evaluate the therapeu-
tic efficacy in lung metastasis, the ratio of positively stained
pixel area for GFP to the whole pixel area of the lung section
was quantified using BZ-II analyzer software (Keyence, Osaka,
Japan). A lung tissue section was randomly obtained from each
lobe.

Human OS tissue array. An array of human OS specimens
was obtained from Folio Biosciences (Powell, OH, USA) and
was subjected to immunohistochemical staining for PDGFRb.
Comprehensive evaluation of the staining intensity and positiv-
ity was carried out as described previously.(22)

Measurement of intracellular reactive oxygen species. Intracel-
lular reactive oxygen species (ROS) levels in AXT cells were
quantified in triplicate with the use of CellROX Deep Red
Reagent (Invitrogen), and the fluorescence was detected by
flow cytometry.

Statistical analysis. Quantitative data are presented as
means � SD (unless indicated otherwise) and were analyzed
with Student’s t-test. A P-value of <0.05 was considered statis-
tically significant. *P < 0.05, **P < 0.005.

Results

Platelet-derived growth factor-BB and PDGFRb are highly

expressed in OS tumors. We previously established a mouse
OS model based on highly tumorigenic AXT cells that can be
distinguished by their expression of GFP and c-MYC.(5,6) To
gain insight into soluble factors that promote OS pathogenesis,
we used ELISA-based screening of AXT-derived tumor tissue
lysates for such factors.(8) We found PDGF-BB to be highly
expressed in tumors, with its concentration in tumor lysates
(63.16 � 35.2 pg ⁄mL, n = 5) being higher than that in serum
(17.56 � 4.91 pg ⁄mL, n = 3), suggesting that PDGF-BB was
not supplied by the circulation but was generated within the
tumor tissue. The abundance of Pdgfb mRNA was significantly
higher in AXT-derived tumors than in AXT cell cultures
(Fig. 1a). In addition, sorting of tumor and surrounding
stromal cells from tumors revealed that GFP-negative non-
malignant cells expressed Pdgfb at a higher level than did
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(a)

(c)

(d)

(b)

Fig. 1. Expression of platelet-derived growth
factor receptor b (PDGFRb) in AXT cells and
osteosarcoma (OS) tissue. (a) RT and quantitative
PCR analysis of Pdgfb expression in AXT cells and
s.c. AXT cell-derived OS tumors (left) as well as in
fractionated GFP(+) OS cells and GFP(�) stromal
cells from AXT tumors (right). (b) Representative
histology of s.c. AXT tumors as revealed by H&E
staining (top) and immunohistochemical staining
for PDGFRb (lower). (c) RT and quantitative PCR
analysis of Pdgfrb expression as in (a). (d)
Immunohistochemical staining for PDGFRb in
human OS samples (n = 36). Quantitative analysis
was done according to the Allred scoring system.(20)

Representative images are shown. *P < 0.05;
**P < 0.005.

(a)

(b) (c)
Fig. 2. Effects of platelet-derived growth factor-
BB (PDGF-BB) on AXT osteosarcoma cell
proliferation and migration. (a) Cell proliferation
assay with AXT cells in the presence of the
indicated concentrations of PDGF-BB in the absence
(left) or presence (right) of FBS. Data are expressed
relative to the value for time 0. *P < 0.05. NS, not
significant. (b) Migration assay with AXT cells in the
absence or presence of PDGF-BB. (c) Immunoblot
analysis of AXT cells deprived of serum for 2 h and
then stimulated with PDGF-BB for 15 min in serum-
free or FBS medium. PDGF receptor b (PDGFRb) was
immunoprecipitated (IP) from cell lysates before
immunoblot analysis.
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GFP-positive OS cells (Fig. 1a). Immunohistochemical analy-
sis showed that the PDGF-BB receptor, PDGFRb, was also
highly expressed in OS tumors (Fig. 1b). In contrast to the
expression pattern of Pdgfb, the abundance of Pdgfrb mRNA
was significantly greater in tumor cells than in stromal cells of
AXT tumors (Fig. 1c). These results suggested that PDGF-BB
secreted from stromal cells might interact with OS cells via
PDGFRb and thereby influence tumor behavior in vivo.
Immunohistochemical analysis of a tissue array containing

human OS specimens revealed that 31 of 36 cases (86.1%)
were positive for PDGFRb (Fig. 1d). Evaluation of the expres-
sion level on the basis of the Allred score,(22) a combined scor-
ing system for staining positivity and intensity (0 for negative
and 8 for maximal), revealed that 28 out of 36 (77.8%)
showed a moderate or high expression level (score of 3 to 8).
This frequent detection of high PDGFRb expression in human
OS is consistent with previous reports.(15–17)

Platelet-derived growth factor-BB promotes OS cell survival in

serum-free culture. To clarify whether PDGFRb is functional
in OS cells, we examined the effect of PDGF-BB on OS cell
proliferation and migration. Platelet-derived growth factor-BB
supported the growth of AXT cells in serum-free culture but
did not affect cell proliferation in the presence of serum

(Fig. 2a); PDGF-BB also tended to promote cell migration
under low-serum conditions, although this effect did not
achieve statistical significance (Fig. 2b).
To investigate the intracellular molecular events induced by

PDGF-BB, we examined mediators of PDGFRb signaling by
immunoblot analysis. The MEK–ERK and phosphatidylinositol
3-kinase–Akt pathways were previously shown to be activated
by PDGF.(23) We found that PDGF-BB induced marked phos-
phorylation of PDGFRb in AXT cells maintained in both the
absence and presence of serum (Fig. 2c). Serum deprivation
resulted in the inactivation of ERK and Akt in AXT cells, and
PDGF-BB induced reactivation of both molecules in the
serum-deprived cells. However, PDGF-BB had little effect on
ERK or Akt phosphorylation on top of that induced by 20%
serum (Fig. 2c), possibly accounting for the limited effect of
PDGF-BB on OS cell growth in serum-supplemented culture
(Fig. 2a).

Imatinib inhibits the effects of PDGF-BB in AXT cells in vitro. I-
matinib is a molecularly targeted drug used in the clinical set-
ting for the treatment of several neoplastic disorders including
CML and GIST.(14,23,24) It serves as a competitive inhibitor of
BCR–ABL (in CML), c-Kit (in GIST), and PDGFR.(25) In the
treatment of dermatofibrosarcoma protuberans, which is caused

(a)

(b)

(d)
(e)

(c)

Fig. 3. Inhibitory effects of imatinib (Imt) in AXT
and K562 cells. (a) Cell proliferation assay with AXT
cells incubated for 2 days in the absence (left) or
presence (right) of FBS and with or without
platelet-derived growth factor-BB (PDGF-BB) or
imatinib. Data are expressed relative to the control
value. (b) Cell proliferation assay with K562 cells
incubated in the presence of FBS and the indicated
concentrations of imatinib. Data are expressed
relative to the value for time 0. (c) Phosphorylation
of PDGF receptor b (PDGFRb) was evaluated by
immunoprecipitation (IP) and immunoblot analysis.
AXT cells were cultured without serum for 2 h in
the absence or presence of imatinib. Then the
medium was replaced with those containing PDGF-
BB, imatinib, and ⁄ or FBS as indicated. Cells were
cultured for 15 min prior to lysate collection. (d)
Immunoblot analysis of whole cell lysates from AXT
cells as in (c). (e) Immunoblot analysis of the
indicated molecules in AXT and K562 cells deprived
of serum for 2 h in the absence or presence of
imatinib and then stimulated with FBS for 15 min
(in the continued absence or presence of imatinib).
The arrowhead shows the total form of protein
kinase B (Akt). *P < 0.05; **P < 0.005. GSK3b,
glycogen synthase kinase 3b.
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by unregulated expression of PDGFB, imatinib is given as a
therapeutic inhibitor of PDGFR.(14,26,27) Given that we found
that PDGFRb is expressed at a high frequency in OS (Fig. 1)
and that PDGF-BB activates survival and proliferative signals
in OS tumor cells (Fig. 2), we next investigated whether imati-
nib attenuate OS cell growth.
Imatinib blocked the supportive effect of PDGF-BB on AXT

cell growth under serum-free conditions, whereas it had no
effect on cell proliferation in serum-containing medium
regardless of the presence of PDGF-BB (Fig. 3a). In contrast,
imatinib inhibited the growth of K562 cells (imatinib-sensitive
human CML cells harboring the BCR–ABL fusion gene) even
in the presence of 10% serum (Fig. 3b). Importantly, imatinib
successfully blocked activation of PDGFRb in AXT cells
induced by PDGF-BB both in serum-free and in serum-con-
taining culture (Fig. 3c). In the absence of serum, imatinib
completely inhibited the activation of ERK and Akt induced
by PDGF-BB in AXT cells (Fig. 3d). The additional activation
caused by PDGF-BB was also cancelled by imatinib, whereas
the activating signal from serum was scarcely affected. Consis-
tent with a previous report,(19) AXT cell viability under the
presence of serum was significantly affected with higher doses

of imatinib (Fig. S1a). Nonetheless, even 10 lM imatinib
could not suppress the intracellular signal activation of ERK
and Akt induced by serum (Fig. S1b). This observation sug-
gests that the growth suppression by higher concentration of i-
matinib does not rely on the signal inhibition by way of
PDGFR blockade.
On the contrary, in K562 cells, imatinib attenuated the acti-

vation of ERK in the presence of serum (Fig. 3e). Consistent
with previous observations,(28) imatinib also inhibited the acti-
vation of Akt in these cells, albeit to a lesser extent than it did
that of ERK (Fig. 3e). Phosphorylation of the Akt substrate
glycogen synthase kinase 3b was also inhibited by imatinib
and all these changes were not observed in AXT cells. These
results thus showed that imatinib was able to block intracellu-
lar signaling triggered by PDGFRb ligation in OS cells,
whereas it had little effect on such signaling events triggered
by serum. They also revealed that AXT cells differ from K562
cells in terms of their sensitivity to imatinib, even though both
cell types express receptor tyrosine kinases with tumor-promot-
ing capacity that is targetable by this drug.

Combined treatment with ADR and imatinib has a synergistic

cytotoxic effect on OS cells in vitro. Whereas PDGF-BB induced

(a)

(c)

(d) (e) (f)

(b)

Fig. 4. Enhanced sensitivity of osteosarcoma cells to imatinib (Imt) by reactive oxygen species (ROS). (a) Left, flow cytometric histogram of ROS
levels in AXT cells in the absence or presence of FBS for 6 h. Right, quantification of ROS level (n = 3). (b) Cell proliferation assay with AXT cells
incubated for 24 h in medium containing FBS in the absence or presence of adriamycin (ADR) or N-acetyl cysteine (NAC) as indicated. Data are
expressed relative to the value for non-treated cells. NS, not significant. (c) Cell proliferation assay with AXT cells incubated for 24 h in medium
containing FBS in the absence or presence of ADR or the indicated concentrations of imatinib. (d–f) Cell proliferation assay carried out as in (c)
with human osteosarcoma cell lines. *P < 0.05; **P < 0.005.
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intracellular signal activation and supported OS cell growth in
a manner sensitive to imatinib, these effects were masked in
the presence of serum. On the basis of these findings, there
seems to be two options to enhance the antitumor activity of
imatinib against OS: blocking growth-promoting signals from
other pathways that can compensate the influence of PDGFR
inhibition, or administering imatinib treatment under cellular
stresses induced by serum deprivation. We examined the latter
possibility.
Serum deprivation induces the intracellular accumulation of

ROS and the consequent oxidative stress is responsible in part
for the resulting cell death.(29,30) Indeed, serum deprivation
triggered an increase in the intracellular ROS level in AXT
cells (Fig. 4a), which raised the hypothesis that elevated oxida-
tive stress might improve OS cell sensitivity toward imatinib
treatment.
Given that chemotherapeutic drugs also elicit intracellular

ROS accumulation,(31,32) we examined whether the cytotoxicity
of ADR, a drug used in standard chemotherapy for OS, in

AXT cells is related to ROS burden. The proliferation of AXT
cells in vitro was suppressed by ADR treatment, which was
counteracted by the antioxidant N-acetyl cysteine (Fig. 4b),
suggesting that this effect of ADR is mediated, at least in part,
by the induction of oxidative stress. Although imatinib alone
did not affect the growth of AXT cells in the presence of
serum, it significantly enhanced the inhibitory effect of ADR
on cell growth and this enhancement was apparent at an imati-
nib concentration as low as 0.01 lM (Fig. 4c). Similar syner-
gistic effects of imatinib and ADR were observed in three
different human OS cell lines (Fig. 4d–f).

Combined treatment with ADR and imatinib synergistically

inhibits OS cell proliferation in vivo. We next examined the
effect of combined treatment with imatinib and ADR on
growth of OS tumors formed by AXT cells in mice. Treatment
with imatinib or ADR alone at the current dose did not
achieve significant reduction in tumor weight (Fig. 5a). How-
ever, notably, combined treatment of imatinib and ADR
showed significant antitumor effects (Fig. 5a). Ki67-positive

(a)

(c)

(b)

Fig. 5. Antitumor activity of imatinib (Imt) in vivo. (a) Weight of AXT cell-derived s.c. tumors in mice treated with adriamycin (ADR), imatinib,
or both. (b) Proportion of Ki67+ cells determined by immunohistochemical (IHC) analysis of tumors from mice treated as in (a). Left, representa-
tive images of Ki67 staining. Right, quantification of Ki67 positivity. (c) Quantitative analysis for lung metastatic lesions in mice treated as in (a).
Left, representative images of lung metastatic lesions. Right, quantitative data of metastatic area presented as box-and-whisker plots. *P < 0.05.
NS, not significant.
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cells in tumor specimens were significantly reduced by single
treatment with ADR and, notably, the effect was further
enhanced by imatinib combined with ADR, albeit without sta-
tistical significance. Imatinib alone did not show such an inhib-
itory effect (Fig. 5b). Moreover, evaluation of the therapeutic
efficacy on lung metastatic lesions, which was based on GFP-
positive areas using immunohistochemical staining of lung
lobes, revealed the consistent tendency with the primary
lesions (Fig. 5c). Therefore, consistent with in vitro analyses
(Fig. 4c–f), the combination of imatinib and ADR showed syn-
ergistic antitumor effects even in vivo.

Discussion

The pathology of OS has recently been found to be influenced
by soluble factors provided by tumor-surrounding cells.(4,8–10)

With the use of our newly established immunocompetent OS
model, we found that PDGF-BB was present in tumor lysates
at a concentration higher than that in serum. We also found
that PDGFRb was highly expressed in our OS cells of the
mouse model as well as in human OS specimens. We therefore
examined the possible contribution of PDGFRb signaling to
OS pathogenesis as well as its potential as a therapeutic target.
Although PDGF-BB clearly induced the intracellular signal

activation through PDGFRb in OS cells and promotes their
cellular growth, these effects could be mostly masked in the
presence of serum. Accordingly, successful PDGFR signal
inhibition by imatinib did not bring about successful results
regarding antitumor activity in the presence of serum.
It is clear that targeting PDGFR would not be sufficient to

control the growth of OS, even in tumor cells that frequently
express PDGFR. This is because the PDGF signaling pathway
does not appear to be the main driver of OS cell fate, espe-
cially in the presence of other growth-promoting factors such
as those in serum. They may also shed light on the unfavor-
able results obtained in a clinical trial of imatinib in patients
with OS,(20,21) considering the fact that OS is mostly equipped

with rich vascularity, thus with plenty of growth signal supply.
The application of molecularly targeted therapy to OS would
therefore be expected to be effective only if OS cells are
“addicted to” the target molecule for their survival, as in the
case of imatinib therapy for CML, which is crucially depen-
dent on the driver oncogene BCR–ABL.(33)

Nevertheless, we found serum deprivation optimized the
effect of imatinib on OS cells and that combination of imatinib
and ADR achieved the synergistic antiproliferative effect in
OS cells in vitro and even therapeutic efficiency in vivo. Fur-
thermore, our observations suggest that oxidative stress
induced by ADR, similar to that induced by serum deprivation,
might have some contribution to alter cellular status toward
such that imatinib could exert its cytotoxic effect. Collectively,
these findings imply that cellular dependency to the PDGFR
pathway is relatively dynamic and can be shifted in a thera-
peutically desirable direction by exogenous stimuli such as
serum deprivation or ADR treatment that, at least in part, trig-
ger the intracellular accumulation of ROS. Identification of
conditions capable of rendering OS cells sensitive to imatinib
cytotoxicity or of OS subtypes with intrinsic sensitivity to this
agent should facilitate the application of imatinib as a novel
therapeutic alternative for OS.
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Fig. S1. Anti-osteosarcoma tumor effects of imatinib at higher doses.
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