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Abstract
Receptor tyrosine kinases (RTKs) are membrane receptors that play a vital role in various biological processes, in
particular, cell survival, cell proliferation, and cell differentiation. These cellular processes are composed of multitiered
signaling cascades of kinases starting from ligand binding to extracellular domains of RTKs that activate the entire
pathways through tyrosine phosphorylation of the receptors and downstream effectors. A previous study reported that,
based on proteomics data, RTKs were a major candidate target for osteosarcoma. In this study, activation profiles of six
candidate RTKs, including c-Met, c-Kit, VEGFR2, HER2, FGFR1, and PDGFRα, were directly examined from chemonaive
fresh frozen tissues of 32 osteosarcoma patients using a multiplex immunoassay. That examination revealed distinct
patterns of tyrosine phosphorylation of RTKs in osteosarcoma cases. Unsupervised hierarchical clustering was
calculated using Pearson uncentered correlation coefficient to classify RTKs into two groups—Group A (c-Met, c-Kit,
VEGFR2, and HER2) and Group B (FGFR1 and PDGFRα)—based on tyrosine phosphorylation patterns. Nonactivation of
all Group A RTKs was associated with shorter overall survival in stage IIB osteosarcoma patients. Percentages of tumor
necrosis in patients with inactive Group A RTKs were significantly lower than those in patients with at least one active
Group A RTK. Paired primary osteosarcoma cells with fresh osteosarcoma tissue were extracted and cultured for
cytotoxicity testing. Primary cells with active Group A RTKs tended to be sensitive to doxorubicin and cisplatin. We
also found that osteosarcoma cells with active Group A RTKs were more proliferative than cells with inactive
Group A RTKs. These findings indicate that the activation pattern of Group A RTKs is a potential risk stratification
and chemoresponse predictor andmight be used to guide the optimum chemotherapy regimen for osteosarcoma
patients.
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Introduction
Osteosarcoma is an aggressive primary bone sarcoma that occurs
predominantly in children and teenagers [1]. Current treatment
strategies for osteosarcoma include surgery to remove the tumor and
chemotherapy [2]. The most effective regimen is based on a
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combination of methotrexate, cisplatin, and doxorubicin (MAP).
Unfortunately, not all patients have a good response to the
chemotherapeutic treatment; many patients with high-grade osteo-
sarcoma develop chemoresistance to the MAP regimen, leading to
poor clinical outcomes [3,4]. Additionally, conventional chemother-
apy can cause various side effects that worsen patient outcomes. The
ability to identify patients who will respond poorly to chemotherapy
is a promising approach for treating patients more effectively and with
less toxic effects.
In our previous work, we established a list of target proteins of

FDA-approved drugs based on results reported in several proteomics
studies of osteosarcoma [5]. Interestingly, it was found that receptor
tyrosine kinases (RTKs) including fibroblast growth factor receptor 1
(FGFR1), platelet-derived growth factor receptor alpha (PDGFRα),
mast/stem cell growth factor receptor Kit (c-Kit), vascular endothelial
growth factor receptor 2 (VEGFR2), hepatocyte growth factor
receptor (c-Met), and receptor tyrosine-protein kinase erbB-2
(HER2) were a major target group. Expression levels of these RTKs
were higher in osteosarcoma cells compared to osteoblastic cells.
Since the discovery of the first RTK in 1978, RTKs have been

shown to be important growth factor receptors that regulate critical
cellular processes including cell survival, proliferation, differentiation,
metabolism, cell-cell communication, cell migration, and cell-cycle
control [6,7]. The human RTK family includes 58 members which
fall into 20 subfamilies [8]. All known RTKs share a conserved
molecular architecture with extracellular ligand-binding domains, a
single transmembrane region, and a cytoplasmic kinase domain that is
activated by tyrosine phosphorylation upon dimerization or oligo-
merization [8].
The FGFR family is comprised of four main members including

FGFR1, FGFR2, FGFR3, and FGFR4 [9]. The extracellular region
of all FGFRs contains three Ig-like domains that bind to FGFs in the
presence of the accessory molecule heparin [10]. The main result of
activation of FGF signals is to trigger the RAS–mitogen-activated
protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)–AKT
signaling pathways which subsequently induce cell proliferation and
cellular survival, respectively [11].
The PDGFR family includes PDGFR, Kit, CSF1R, and Flt3

which contain different numbers of extracellular Ig-like domains [10].
Binding of homodimeric or heterodimeric PDGFR (PDGFR-α an
PDGFR-β) to different PDGFs (PDGFA, PDGFB, PDGFC, and
PDGFD) transduces various signals and generates broad biological
functions under diverse physiological and pathological conditions
[12,13]. A system of the PDGFR/PDGF complex induces cancer cell
proliferation, angiogenesis, metastasis, and the development of
tumor-associated fibroblasts [12,14]. c-KIT receptor is also a member
of the PDGFR family. That receptor binds to stem cell factor (SCF)
molecules at the Ig-like domains of c-KIT [8]. Upon activation, the
c-KIT/SCF system triggers various downstream pathways, mainly
MAP kinase, that regulate cell survival and proliferation [15].
The VEGFR family (VEGFR1, VEGFR2, and VEGFR3)

expresses Ig-like extracellular domains which are structurally related
to the PDGFR family [16]. The VEGFR receptor and their
co-receptors bind to distinct VEGF ligands including VEGFA,
VEGFB, VEGFC, VEGFD, and placenta growth factor [17]. This
different binding of the VEGFR/VEGFs regulates various biological
mechanisms, mainly angiogenesis, vasculogenesis, lymphangiogen-
esis, permeability, inflammatory cell recruitment, and fatty acid
uptake.
The c-MET receptor, also known as the hepatocyte growth factor
receptor (HGF receptor), contains three extracellular domains
including the Sema, the PSI, and the IPT domains [18]. Upon
binding of the c-MET receptor and HGF, the complex triggers
diverse signaling cascades, mainly the MAP kinase, the PI3K-Akt axis,
the signal transducers and activators of transcription (STAT)
pathway, and the IκBα–NF-κB complex [19–22]. The activation
of c-MET induces tissue remodeling as well as promoting cell
survival, proliferation, and migration that facilitate invasive growth
and metastasis of cancer cells.

HER2 receptor (erbB2, HER2/neu) is a member of the human
epidermal growth factor receptor family that also includes EGFR
(HER1, erbB1), HER3 (erbB3), and HER4 (erbB4) [23]. The
extracellular region of HER2 consists of four domains: domains I and
III which comprise the β helix LRR-like “solenoid” domains as well as
the cysteine-rich domains II and IV [8]. HER2 does not contain a
ligand-binding domain, which makes this receptor highly active [24].
Activation of HER2 induces important biological mechanisms
involved in cell survival, proliferation, and cell-cycle progression
through the PI3K/AKT and RAF/MEK/MAPK pathways [24].

Phosphorylated RTKs subsequently recruit adaptor proteins to
trigger various downstream cascade signaling. Much evidence
indicates that aberrant activation of RTKs, including gene amplifi-
cation, receptor overexpression, autocrine activation, and
gain-of-function mutations, has been causally linked to cancer [25].
For example, in gastric, lung, and esophageal tumors, it was found
that the cancers with MET gene amplification were more sensitive to
MET kinase inhibitors than those not carrying this aberrancy [26,27].
Other examples include breast cancer with ERBB2 gene amplifica-
tion, GIST with PDGFRα gene mutation, GIST with c-KIT gene
mutation, and CML with FGFR1 gene translocation. The subset of
patients with these aberrancies is highly sensitive to particular RTK
inhibitors [28].

In this study, we examined further the activation state of those
candidate RTKs directly in clinical samples (frozen osteosarcoma
tissues) using the multiplex immunoassay, a rapid and clinically
applicable method. The results of this experiment provide a better
understanding of the relationship between activated RTKs and
clinical outcomes in addition to identifying distinct groups among
osteosarcoma patients. Moreover, the activated RTK patterns provide
potentially important clues for further development of tailored
therapy for the treatment of osteosarcoma.

Materials and Methods

Patients and Tissue Samples
A total of 32 patients diagnosed with stage IIB osteosarcoma and

treated at Maharaj Nakorn Chiang Mai Hospital, Thailand, between
2010 and 2016 were included in this study. Patients were followed up
for survival analysis for at least 24 months (until 30 June 2016). All
biopsy samples were obtained prior to neoadjuvant treatments and were
separated into three parts: one was kept as formalin-fixed,
paraffin-embedded tissues for clinical diagnosis; the second was stored
as fresh frozen tissues and used for determination of tyrosine
phosphorylation of RTKs; and the third was processed further and
cultured as primary cells. Tissue specimens were freshly frozen at −80°C
within 30 minutes of surgery and stored until use.

To evaluate the percentage of tumor necrosis, tissue samples were
obtained after the patients had been treated with chemotherapy. The



Table 1. Characteristics of Osteosarcoma Patients (n = 32)

Factor Patients (n, %)

Age (median = 15.5, years)
≤15 16, 50.0%
N15 16, 50.0%

Gender
Male 13, 40.6%
Female 19, 59.4%

Site
Extremities 32, 100.0%
Axial -

Tumor size (cm)
≤ 8 18, 56.2%
N 8 14, 43.8%

Metastasis
Yes 10, 31.2%
No 22, 68.8%

Chemoresistance (n = 18)
Good responder (tumor necrosis ≥90%) 5, 27.8%
Poor responder (tumor necrosis b90%) 13, 72.2%

Treatment acceptance
Complied 22, 68.8%
Against 8, 25.0%
Lost to follow-up 2, 6.2%

Status
Alive 17, 53.1%
Dead 13, 40.6%
Lost to follow-up 2, 6.3%
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patients' clinical information is shown in Table 1. This research
protocol has been approved by the Ethics Committee of the Faculty
of Medicine, Chiang Mai University.

Tissue Extraction and Multiplex Immunoassay
Fresh frozen tissues (100 mg) were cut into small pieces and crushed

in liquid nitrogen using a chilled mortar and pestle. The tissue powder
was then incubated in 1 ml of Milliplex MAP lysis buffer (Merck,
Darmstadt, Germany) containing phosphatase inhibitors including
1 mM sodium orthovanadate and freshly added protease inhibitor
cocktail (Merck, Darmstadt, Germany) with agitation on a rocking
mixer at 4°C for 15minutes. The lysate was centrifuged at 10,000×g for
10 minutes at 4°C. Supernatant was collected to determine protein
concentration with BCA assay (Thermo Fisher Scientific, Waltham,
MA), and lysate samples containing 25 μg protein were used and
analyzed using multiplex immunoassay.

An RTK phosphoprotein magnetic bead panel kit was used,
composed of six types of RTKs, including c-Kit, VEGFR2, c-Met,
HER2, FGFR1, and PDGFRα (Merck, Darmstadt, Germany). The
semiquantification of tyrosine phosphorylation levels of RTKs of all
samples and controls (serum stimulated and unstimulated) provided in
the kit was determined usingmanufacturer's instructions and detected by
a Bio-Plex MAGPIX Multiplex Reader (Bio-Rad, Hercules, CA). The
results were recorded as median fluorescence intensity (MFI) of RTKs of
osteosarcoma cases normalized by blank controls. The MFI which was
higher than the blank controls was considered as a positive result.

Data Analysis
Hierarchical cluster analysis was performed using GENESIS

software version 1.7.7 (Bioinformatics Group, Institute of Knowledge
Discovery, Graz University of Technology, Graz, Austria).

Patient-Derived Osteosarcoma Cells
Patient-derived osteosarcoma cells were extracted, cultured, and

characterized following the previously described procedures [29].
This involved mincing chemonaive biopsy tissues and incubating in
5 mg/ml collagenase type I solution (Gibco,Waltham,MA) at 37°C for
18 hours. Cells were pelleted by centrifugation and then cultured in
freshly prepared Dulbecco's modified Eagle's medium (DMEM) with
10% fetal bovine serum (Gibco, Waltham, MA) at 37°C in a
humidified 5% CO2 incubator. All osteosarcoma primary cells were
characterized for osteogenicity; cancer markers including MMP-9 and
collagen type X were determined by real-time reverse transcriptase
polymerase chain reaction according to previously described
protocol [29].

Cell Viability Assay
Cell viability was determined using MTT assay according to

previously published protocols with some modifications [30].
Primary osteosarcoma cells were seeded in 96-well tissue culture
plates (5 × 103 cells/100 μl freshly prepared DMEM/well) and
incubated at 37°C, 5% CO2 overnight. The cells were treated with
doxorubicin or cisplatin at concentrations of 0, 0.01, 0.1, 1, 10, and
100 μM for 72 hours. After 72-hour incubation, the culture medium
was removed, and 100 μl of fresh medium containing 5 mg/ml of
MTT solution was added to each well and then incubated for 2 hours
at 37°C. The MTT-formazan crystal was dissolved in 100 μl of
dimethyl sulfoxide with vigorous mixing. Finally, measurement was
performed using a spectrophotometer with absorbance at 550 nm.

Statistical Analysis
Survival analyses were performed using STATA version 11

(StataCorp LLC). Association between activation profiles of RTKs
and overall survival of osteosarcoma patients in this study was
analyzed by univariate survival analysis using the Kaplan-Meier
method and the log-rank test. P values b .05 were considered to be
statistically significant. Significant correlation between activation
patterns of RTKs and percentage of tumor necrosis was tested using
the Mann-Whitney U test by Prism 7 version 7.0c (GraphPad
Software, Inc.).

Results

Distinct Levels of Tyrosine Phosphorylation of RTKs in
Osteosarcoma

A multiplex immunoassay was used to detect tyrosine phosphor-
ylation levels of six RTKs in fresh frozen osteosarcoma tissues
simultaneously. Levels of tyrosine phosphorylation indicating the
activation state of RTKs were determined by MFI. The majority of
the osteosarcoma tissue samples showed activation of PDGFRα
(90.63%) and FGFR1 (68.75%). Unlike these two RTKs, tyrosine
phosphorylation of the others, c-Kit, VEGFR2, c-Met, and HER2,
ranged from 25.00% to 37.50% (Figure 1A).

Hierarchical Clustering Analysis Classification of Tested RTKs
Based on Activation Profiles in Osteosarcoma

The MFI of each of the RTKs is shown as a heat map to illustrate the
activation patterns of the individual tissue samples (Figure 1B). Based on
levels of tyrosine phosphorylation of tested RTKs, RTKs were classified
into two subgroups based on unsupervised hierarchical clustering using
Pearson uncentered correlation coefficient (GENESIS software) [31].
Group A included pTyr-c-Kit, pTyr-VEGFR2, pTyr-c-Met, and
pTyr-HER2; Group B included pTyr-FGFR1 and pTyr-PDGFRα.

Hierarchical clustering was also performed to classify the
osteosarcoma patients based on the tyrosine phosphorylation profiles



Figure 1. Tyrosine phosphorylation of tested RTKs in osteosarcoma. (A) Number and percentage of osteosarcoma cases in which RTKs
were phosphorylated at tyrosine residues. (B) Unsupervised hierarchical clustering of six RTKs based on levels of tyrosine
phosphorylation (MFI) of the 32 osteosarcoma cases (GENESIS software). Osteosarcoma case numbers are shown on the right.
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of all tested RTKs in individual cases. Although various metrics were
applied in an attempt to identify subsets of osteosarcoma, active RTK
patterns of the osteosarcoma cases were too heterogeneous to be
classified appropriately (data not shown).

Association of Inactive Group A-RTKs with Worst Overall
Survival of Stage IIB Osteosarcoma Patients
Hierarchical clustering of osteosarcoma cases uncovered differences

between Group A and Group B RTKs with similar tyrosine
phosphorylation profiles. Each set of RTKs was analyzed separately
to determine the association with overall survival of the patients.
Retrospective data of 22 osteosarcoma patients who had been treated
with neoadjuvant chemotherapy and/or undergone surgery at
Maharaj Nakorn Chiang Mai Hospital and who accepted and
complied with treatments were used in the survival analysis. Two
patients were lost to follow-up and were excluded from the study
(Table 1). Group A-RTKs, which included activated c-Kit, VEGFR2,
c-Met, and HER2, patients were further subdivided into two groups
based on the activation status of these RTKs (Figure 2A).
Analysis found that patients carrying inactive Group A-RTKs tended to
have shorter overall survival compared to patients who had at least one
active Group A-RTK, although the differences were not statistically
significant (Figure 2B). The significant negative prognosticator observed in
this study was the percentage of tumor necrosis (P = .0227) (Figure 2C).
AmongGroupB-RTKs, no correlation between active status of RTKs and
overall survival was observed among the osteosarcoma patients (data not
shown).

Differential Chemosensitivity of Osteosarcoma Patients
Associating with Group A-RTK Activation Profiles

Because the survival analysis results showed osteosarcoma patients with
inactiveGroupA-RTKs tended to have aworse prognosis, further analysis
was conducted into the association between activation status of RTKs and
both chemoresistance andmetastasis. Patients in the cohort that had been
treated with the same chemotherapy regimen, including doxorubicin and
cisplatin, were identified (n = 10), and their percentages of tumor
necrosis after treatment were evaluated by an experienced pathologist. It
was found that osteosarcoma patients with active Group A-RTKs were



Figure 2. Analysis of median survival of stage IIB osteosarcoma by activation states of Group A-RTKs (c-Kit, VEGFR2, c-Met, and HER2).
(A) Active (osteosarcoma tissues with at least one RTK tyrosine phosphorylated) and inactive (none of the RTK tyrosine phosphorylated).
(B) Kaplan-Meier curves of overall survival based on activation status of RTKs. (C) Kaplan-Meier curves based on percentage of tumor
necrosis. (P values were calculated with the log-rank test).
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more sensitive to chemotherapy than patients with inactive Group
A-RTKs and that the percentage of tumor necrosis was statistically
significantly lower in the inactive Group A-RTK patients (P = .0381)
(Figure 3). No correlation between the activation status of Group
A-RTKs and metastasis was observed (data not shown).

Association of Differential Drug Sensitivity of Primary
Osteosarcoma Cells with Activation Patterns of Group A-RTKs

Paired primary osteosarcoma cells with fresh frozen tissue specimens
from nine patients who had been treated with either doxorubicin or
cisplatin were used for in vitro cell viability assay.One sample was excluded
from the experiment because it did not grow in the culture. All primary
cells were treated with either doxorubicin or cisplatin at various
concentrations and examined for cell viability using MTT assay. The
majority of the primary osteosarcoma cells with active Group A-RTKs
were found to be more sensitive to both doxorubicin and cisplatin
treatments compared to those cells with inactiveGroupA-RTKs (Figure 4,
A and B). Summary of the averages of the half maximal inhibitory
concentration (IC50) of doxorubicin and cisplatin from three independent
experiments is presented in Figure 4C. In addition, it was found that
sensitivity to doxorubicin and cisplatin had a tendency to increase in
primary osteosarcoma cells with a higher number of activated Group
A-RTKs (Figure 4, D and E).
Figure 3. Boxplot of percentages of tumor necrosis of osteosar-
coma tissue samples obtained after neoadjuvant treatments
(doxorubicin and cisplatin) in patients with at least one active
Group A-RTK and with no active Group A-RTKs. (P values were
calculated with the Mann-Whitney U test).
Increasing Proliferation of Osteosarcoma Cells Carrying Active
Group A-RTKs

Results of the percentages of tumor necrosis and in vitro cytotoxicity
testing indicate that active Group A RTKs appeared to induce higher
chemoresponse than inactive ones. In this study, proliferation of
osteosarcoma cells was also measured using MTT assay. The results
showed that proliferation rates of primary osteosarcoma cells were
significantly increased in cells carrying higher numbers of active Group A
RTKs (P = .0028) (Figure 5A). In addition, we found that more
proliferative osteosarcoma cells were more sensitive to both doxorubicin
and cisplatin treatment (Figure 5, B and C).

Discussion
Aberrant activation of RTKs has emerged as a key factor in cancer

progression and development [32]. However, there have only been
limited findings on the association between the activation state of RTKs
and clinical outcomes in osteosarcoma that have been reported. A



Figure 4. In vitro cell viability of osteosarcoma primary cells using MTT assay after treatment with (A) doxorubicin and (B) cisplatin at
indicated drug concentrations. (C) IC50 averages of doxorubicin and cisplatin from three independent experiments. Graph shows an
association between the number of activated Group A-RTKs and sensitivity to (D) doxorubicin and (E) cisplatin. Active Group A-RTKs: at
least one positive tyrosine phosphorylation of c-Kit, VEGFR2, c-Met or HER2. Inactive Group A-RTKs: unphosphorylation of c-Kit, VEGFR2,
c-Met, and HER2 (results of matched frozen tissues from multiplex immunoassay).
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previous study which was based on combining data from previously
published research on proteomics found that some RTKs are
overexpressed in osteosarcoma cells [5]. Following up on those results,
we decided to continue working on these candidate RTKs, examining
their activation profiles in individual patients, as well as determining
correlations between patterns of activation status of RTKs and clinical
outcomes. In this study, multiplex immunoassay was used to measure
semiquantitative levels of tyrosine phosphorylation of six RTKs in fresh
frozen tissues obtained from osteosarcoma patients. The results revealed
frequent activation of FGFR1 (69%) and PDGFRα (91%), whereas
lower numbers of osteosarcoma specimens showed activation of c-Kit
(34%), VEGFR2 (28%), c-Met (25%), and HER2 (38%). Interest-
ingly, we found that nonactivation of Group A-RTKs, including c-Kit,
VEGFR2, c-Met, and HER2, was potentially associated with shorter
overall survival and lower sensitivity to chemotherapy in stage IIB
osteosarcoma patients, whereas patients with activation in one of these
RTKs had a better prognosis. The current study clearly demonstrated
that the percentage of tumor necrosis was higher in patients with active
Group A-RTKs. Sensitivity to doxorubicin and cisplatin was further
examined in patient-derived osteosarcoma cells. Even though the
differences between groups in the in vitro cytotoxicity testing were not
statistically significant, the results did show a consistent trend in the
percentage of tumor necrosis in the tissue samples (Figures 3 and 4).
The majority of primary osteosarcoma cells with distinct RTK
activation profiles responded to doxorubicin and cisplatin at differential
levels compared to those with non-RTK activation. The more active the
Group A-RTKs were, the higher was the observed chemotherapeutic
sensitivity (Figure 4, D and E).



Figure 5. Association of proliferation of primary osteosarcoma
cells with (A) the activation of Group A RTKs, (B) sensitivity to
doxorubicin, and (C) sensitivity to cisplatin. P values of the linear
relationship between the two data sets were calculated using the
Pearson correlation coefficient.
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Most studies of the prognostic significance of RTKs in osteosarcoma
have focused on an expression of the receptors. Unfortunately, the
correlation between levels of RTK expression and clinical outcome has
remained inconclusive. For example, one study showed that an
overexpression of c-Kit had a nonstatistically significant association with
the worst outcomes in pediatric osteosarcomas (n = 56), whereas
another study demonstrated that protein levels of c-Kit did not predict
the prognosis (n = 100) [33,34]. A meta-analysis of five studies
evaluating the correlation of HER2 overexpression with 2-year survival
found a tendency toward the worst clinical outcomes, but the results of
the overall analysis were not statistically significant [35].

Recent data from a large multicenter randomized study,
EURAMOS-1, suggested that the MAP regimen is the gold standard
for treatment of osteosarcoma [36]. Moreover, poor response to
chemotherapy has been confirmed as a strong negative prognostic
indicator for survival. However, a major obstacle in improving patient
survival is that no prognostic factors have been confirmed to be
predictive markers for risk stratification or chemotherapy sensitivity
in osteosarcoma. In addition, many attempts to discover the relevant
targeted therapy in osteosarcoma have met with difficulties, mainly
due to the inter- and intraheterogeneity of osteosarcoma. The ability
to predict which patients are more likely to benefit from currently
available chemotherapy would help ensure the use of the right
regimen for the right patients as well as minimize toxicity. The
findings from the present study suggest the potential for using active
RTKs patterns in predicting chemotherapy sensitivity and in
identifying good responders who will gain a true benefit from the
two-drug regimen of doxorubicin and cisplatin. Importantly, it has
been reported that this regimen can cure 50% of patients with
localized osteosarcoma [37]. This study suggests that alternative
treatment regimens might be more effective in the poor responders
carrying inactive Group A-RTKs and might improve their
survival rate.

These findings suggest that active RTKs play a role in the alteration
of biological behavior of osteosarcoma cells, leading to increased drug
sensitivity. Considering the mechanism of action of the drugs tested
and the major cellular processes regulated by RTKs, we hypothesized
that chemosensitive cells with active Group A-RTKs might have a
higher proliferation rate than the other group and thus an increased
responsiveness to chemotherapy. This idea was supported by two
factors. First, doxorubicin and cisplatin are nonselective chemother-
apies which target highly proliferative cells. Thus, they also kill active
dividing normal cells, leading to toxic side effects in various tissues
[38,39]. Second, tyrosine-phosphorylated RTKs can provoke
downstream signaling cascades that eventually induce activation of
various pathways, mainly the MAPK family, PI3K, and Janus kinase/
STAT proteins that govern cellular processes including cell
proliferation, cell survival, and differentiation [40,41]. The coactiva-
tion of Group A-RTKs might increase osteosarcoma cell proliferation
and, in turn, enhance sensitivity to chemotherapy. In this study,
proliferation of primary osteosarcoma cells was examined using MTT
assay. The results support our hypothesis that more proliferative
osteosarcoma cells carry more active Group A RTKs and are also more
sensitive to doxorubicin and cisplatin treatment (Figure 5). This
finding is consistent with results of a study of HER2-positive breast
cancer which found that HER2-positive patients were significantly
more sensitive to doxorubicin compared to HER2-negative patients
and that most of the HER2-overexpression cell lines were highly
proliferative as well as being sensitive to doxorubicin treatment [42].
Another study of primary uterine serous papillary carcinoma cell lines
(USPC) overexpressing HER2 described it in the same manner:
USPC overexpressing HER2 in vitro were more responsive to
platinum compounds compared to HER2 low-expressing cells [43].

In conclusion, this study revealed a relationship between activation
profiles of the RTKs c-Met, c-Kit, VEGFR2, and HER2, and the
overall survival of nonmetastatic-stage (IIB) osteosarcoma patients. In
addition, coactivation of RTKs augmented the response to a standard
osteosarcoma chemotherapy regimen, particularly one based on
doxorubicin and cisplatin. Together, these findings suggest an
important correlation between activation patterns of RTKs and
clinical outcomes in osteosarcoma that warrants further study,
particularly of potential mechanisms of RTKs in chemoresponsive
phenotypes. In addition, RTKs potentially have the capacity to
identify chemoresistant patients early in treatments, thus allowing for
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the optimization of the use of new therapeutic options in
combination with presently available drugs.
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