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Abstract
The receptor tyrosine kinase (RTK) Met is known to be over-expressed in canine osteosarcoma
(OSA). In human cancers, the RTKs Met, epidermal growth factor receptor (EGFR) and Ron are
frequently co-expressed and engage in heterodimerization, altering signal transduction and
promoting resistance to targeted therapeutics. We found that EGFR and Ron are expressed in
canine OSA cell lines and primary tissues, EGFR and Ron are frequently phosphorylated in OSA
tumour samples, and Met is co-associated with EGFR and Ron in canine OSA cell lines.
Transforming growth factor alpha (TGFα) and hepatocyte growth factor (HGF) stimulation
induced amplification of ERK1/2 and STAT3 phosphorylation in OSA cells and Met was
phosphorylated following TGFα stimulation providing evidence for receptor cross-talk. Lastly,
treatment of OSA cells with combined gefitinib and crizotinib inhibited cell proliferation in an
additive manner. Together, these data support the notion that Met, EGFR and Ron interact in OSA
cells and as such, may represent viable targets for therapeutic intervention.
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Introduction
Osteosarcoma (OSA) is the most common primary bone tumour in dogs. Following standard
treatment consisting of amputation and adjuvant chemotherapy, approximately 60% of
affected dogs die within 1 year following diagnosis, with less than 10–20% living beyond 2
years.1 No significant improvements in outcome have occurred in the past 15 years, and the
development of new therapeutic strategies will likely depend on more detailed
characterization of the molecular abnormalities that underlie this disease.

Aberrant receptor tyrosine kinase (RTK) function often plays an important role in the
development and progression of many cancers.2 The basic mechanism for RTK activation
involves growth factor (ligand)-induced homodimerization followed by
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transphosphorylation of key tyrosine residues within the catalytic domain,3 leading to
phosphorylation of additional sites important for adaptor protein docking and signal
transduction.4 However, many RTKs have now been shown to associate with other related
or unrelated RTKs and these interactions result in functional downstream signalling through
both receptors. A classic example of this is the ErbB family consisting of four RTKs that
frequently form heterodimers with one another. Heterodimerization occurs among members
of the insulin and platelet-derived growth factor (PDGF) receptor families as well.5–7 In
addition, some RTKs associate with integrins, plexins and other cell surface receptors and
signal through these when stimulated with ligand.

We and others have previously demonstrated that the RTK Met is aberrantly expressed and
functional in canine OSA cell lines.8–10 Met, along with the RTK Recepteur d'origine
nantais (Ron), comprise the HGF/Met receptor family, and the tyrosine kinase domains of
these receptors share 80% identity.11,12 Met interacts with other receptors including
integrins, class B plexins, CD44, G protein-coupled receptors and other RTKs including
epidermal growth factor receptor (EGFR). Furthermore, Ron has been shown to contribute
to Met-associated biological responses (reviewed in 13).

Recent studies suggest Met and EGFR, or Met and Ron, engage in cross-talk that alters
signal transduction in certain cancers. For example, kinase inactive mutant receptors were
used to show that ligand-induced activation of Met results in transphosphorylation of Ron,
and vice versa.14 In human ovarian carcinoma cell lines which co-expressed Met and Ron,
simultaneous addition of the ligand for Ron, macrophage stimulating protein, and HGF, the
ligand for Met, enhanced ovarian cancer cell invasiveness.15 Met and epidermal growth
factor (EGF) family members are often co-expressed in carcinomas. Examples include Her2/
neu/Met in breast cancer and gastric carcinoma in humans.16,17 Co-immunoprecipitation of
a Met–EGFR complex was identified in human epidermal carcinoma and lung cancer
cells.18,19 In human non-small cell lung carcinoma (NSCLC) cell lines, it was determined
that amplified Met drives the activity of EGFR family members and that mutated and
amplified EGFR can drive Met activity.19,20 EGFR-dependent Met phosphorylation is seen
following ligand stimulation of lung or carcinoma cells with EGF or transforming growth
factor alpha (TGFα). Finally, HGF stimulation was shown to promote transactivation of
EGFR in multiple cell lines, including human retinal pigment epithelial cells, NSCLC and
mouse mammary carcinoma.21–23

Interactions between Met/Ron and Met/EGFR may elicit co-ordinated cellular responses that
confer some biologic advantage to tumour cells. In comparison to Met, Ron is less efficient
as a kinase, thus Met/Ron complexes may result in more efficient Ron transphosphorylation
by Met, thereby enhancing the duration/strength of signal than could be induced by a Ron/
Ron homodimer.14 Ron, EGFR and Met activation leads to signalling through the
phosphatidyl inositol-3 kinase (PI3K) and Ras/mitogen-activated (Ras/Raf/MAPK)
pathways, thus cross-talk between these RTKs may promote signal amplification,
subsequently enhancing cell growth, survival and motility.24–27

Few studies have investigated the role of EGFR in OSA. EGFR expression was identified in
55% of human OSA tumour samples by tissue microarray and correlated with ERK
expression.28,29 EGFR expression and genomic gains at the EGFR locus are prevalent in
human OSA tumours, which also commonly harbour deletions at the phosphatase and tensin
homolog (PTEN) locus.30 Interestingly, expression and amplification of EGFR (80 and
23%, respectively) were frequently observed in high-grade OSAs and were associated with
improved prognosis.31 Lower EGFR expression in resection specimens following
chemotherapy versus initial biopsies suggested that the decreased EGFR expression
contributed to chemotherapy resistance.31 Even less is known regarding the role of Ron in
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OSA. Recently, Ron expression was found in a broad panel of childhood sarcomas including
primary OSAs.32 In this study, siRNA mediated down regulation of Ron expression restored
sensitivity to the insulin-like growth factor 1 receptor (IGF1R) kinase inhibitor
BMS-536924 in sarcoma cell lines highly resistant to BMS-536924.32 Together, these
findings suggest that both Ron and EGFR may be dysregulated in OSA.

The purpose of this study was to interrogate canine OSA for expression of Ron and EGFR,
to assess the functional interactions of Met, Ron and EGFR in OSA cell lines, and to
evaluate the effects of inhibition of Met and EGFR in OSA cell lines.

Materials and methods
Cell lines and reagents

Canine OSA cell lines D17, OSA8, OSA16 and OSA36 were provided by Dr Jaime
Modiano (AMC Cancer Research Institute, Denver, CO, USA). Canine primary OSA
tumour samples were obtained from The Ohio State University, College of Veterinary
Medicine Biospecimen Repository (OSU, Columbus, OH, USA). Cells were maintained in
RPMI-1640 medium supplemented with 10% foetal bovine serum, nonessential amino acids,
sodium pyruvate, HEPES, penicillin, streptomycin and L-glutamine. Recombinant human
HGF (rhHGF, Biosource, Camarill, CA, USA) was used to stimulate canine and human Met.
Recombinant human tumour growth factor alpha (rhTGFα, Abcam, Cambridge, MA, USA)
was used to stimulate canine and human EGFR. Immunoprecipitation and immunoblotting
of Met and EGFR was performed using anti-Met polyclonal antibody (Millipore, Temecula,
CA, USA), anti-Ronβ polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and anti-EGFR polyclonal antibody (Millipore). Protein loading was assessed using β-
actin (Santa Cruz Biotechnology). Phosphorylated Met was detected using
pTyr1230/1234/1235 (Biosource) and pTyr1234/1235 (Cell Signaling Technology, Danvers,
MA, USA). Phosphorylated EGFR was detected using pTyr1068 (Cell Signaling
Technology). Additional antibodies utilized included β-actin (Santa Cruz Biotechnology),
pSer473-AKT, and total AKT, phospho-ERK1/2, and total ERK1/2, pTyr705-STAT3 and
total STAT3 (Cell Signaling Technology). Gefitinib was purchased from Selleck Chemicals
(Houston, TX, USA). Crizotinib was a gift from Pfizer (Groton, CT, USA).

Phospho-RTK array profiling
To assess relative phosphorylation of 42 different RTKs in primary OSA tumour biopsies, a
Proteome Profiler™ Human Phospho-RTK Array Kit was used (R&D Systems,
Minneapolis, MN, USA). Briefly, frozen tumour samples were pulverized using a frozen
mortar and pestle. The resulting powder was resuspended in liquid nitrogen, and transferred
to a 1.5 mL microcentrifuge tube. Once the liquid nitrogen evaporated away, the samples
were allowed to thaw on ice and resuspended in tissue lysis buffer containing 20 mM Tris-
HCl, 2 mM EDTA, 137 mM NaCl, 10 μg mL–1 aprotinin, 10 μg mL–1 leupeptin, 1 mM
sodium orthovanadate, 1% IGEPAL® CA 630 and 10% glycerol. Samples were rocked for 1
h at 4 °C, centrifuged for 15 min at 14 000 × g at 4 °C, and supernatants were collected.
Bradford protein quantification assay was performed on the extracts using BioRad Reagent
(BioRad, Hercules, CA, USA) with 100 μg of protein lysate used for each RTK array
following the manufacture's instructions.

RT-PCR
For reverse transcriptase-PCR to detect message for Ron and EGFR, total RNA was
extracted from primary OSA tumour samples or 15 × 106 OSA cells using TRIzol® reagent
(Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized. Custom oligonucleotides
were synthesized including primer pairs designed for detection of canine (c) Ron and EGFR
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(Table 2). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers were used as an
internal control (Eurofins MWG Operon, Huntsville, AL, USA).

Immunohistochemistry for Ron and Met
Immunohistochemistry was performed on a canine primary OSA tumour tissue microarray
containing 124 tumour samples (courtesy of C. Khanna, Comparative Oncology Program,
National Cancer Institute). The samples included in the array were from dogs participating
in several studies. There were 105 samples with sufficient clinical information to be
included in the disease free interval and survival analysis. Within the OncoLAR (octreotride
pamoate long-acting release analogue of somatostatin) study, treatment groups included
dogs treated with carboplatin plus OncoLAR (n = 22) or carboplatin plus placebo (n = 21).33

Another study included dogs treated with STEALTH liposome-encapsulated cisplatin
(SPI-77, n = 14) or carboplatin (n = 12).34 OPLA-Pt (open cell polylactic acid containing
cisplatin biodegradable implant) study groups included an OPLA-Pt plus carboplatin (n =
12), and OPLA-Pt plus carboplatin and adriamycin (n = 8). Finally, dogs were treated with
carboplatin alone (n = 15) or alternating carboplatin and adriamycin (n = 1). Disease free
intervals and overall survival times were similar among all these treatment groups.

Every 50th section of the tumour tissue microarray is stained with H&E and reviewed. The
cellularity of the cores is variable, from 100 to ~10%; however, unlike other tissue
microarrays the balance of the core is rarely normal bone, but most commonly osteoid.
Deparaffinization with xylene baths followed by rehydration with graded alcohols was
performed. Samples were pretreated with antigen Dako antigen retrieval solution
(Carpinteria, CA, USA) followed by endogenous peroxidase quenching, blocking with non-
fat dry milk, and incubation with anti-Ron and anti-Met antibody, Dako streptavidin, and
diaminobenzodine (DAB)-chromogen solution. Haematoxylin counterstaining, dehydration
and coverslip mounting was then performed. Antibody staining was visually semi-
quantitatively scored with 0, 1, 2 and 3 corresponding to no, low, intermediate or high
expression, respectively. The number of samples within each of the semi-quantitative scores
(0 to 3) was 43, 26, 26 and 16 for Met expression, and 66, 16, 13 and 8 for Ron expression.
Clinical and histopathologic case history and outcome associations linked with the tumour
samples were used to correlate expression with disease free interval and survival time
represented in Kaplan–Meier curves.

Co-immunoprecipitation, immunoprecipitation and western blotting
OSA cells were collected, washed once with phosphate buffered saline (PBS) and
resuspended in lysis buffer consisting of 20 mM Tris-HCl pH 8.0, 137 mM NaCl, 10%
glycerol, 1% IPEGAL CA-630, 10 mM ethylenediaminetetraacetic acid (EDTA), 1 mg
mL–1 aprotinin, 1 mg mL–1 leupeptin, 1 mg mL–1 pepstatin A, 1 mM
phenylmethylsulphonyl fluoride, 1 mM sodium orthovanadate and 10 mM sodium fluoride
(all from Sigma, St. Louis, MO, USA) for 1 h at 4 °C. Protein was quantified by the
Bradford Assay for each of the sample lysates and an equivalent amount of protein (2 mg)
was used for co-immunoprecipitation and (50 μg) simultaneously for western blotting. The
co-immunoprecipitation supernatant was precleared by incubation with anti-rabbit IgG
beads (eBiosciences, San Diego, CA, USA) for 30 min at 4 °C followed by
immunoprecipitation using anti-Met (Millipore), anti-EGFR (Millipore, Temecula, CA,
USA), anti-Ronβ antibody (Santa Cruz Biotechnology, Inc.) and the Rabbit Trueblot Kit
(eBiosciences). For inhibitor plus growth factor treatments, 5 × 106 OSA8 cells were serum
starved in C0 medium for 2 h followed by inhibitor treatment with 2 μM gefitinib, 2 μM
crizotinib or a combination of both for 2 h in C0. The cells were then stimulated 15 min with
100 ng mL–1 rhTGFα only, 50 ng mL–1 rhHGF only or 100 ng mL–1 rhTGFα + 50 ng mL–1

rhHGF. Met was immuno-precipitated from the lysates and 80 μg of protein derived from
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the cell lysates used for Met immuno-precipitation was used to detect phosphorylation and
total protein levels of additional signalling intermediates via western blot analysis. Serum
star-vationofOSA8cellsfor2 hfollowedby12,24or48 h incubation with rhTGFα (100 ng
mL–1) was also performed.

Cell proliferation
To assess cell proliferation 2 × 105 OSA8 cells were seeded in a 96-well plate with
quadruplicate wells treated with dimethyl sulfoxide (DMSO) as control or 5–50 μM
gefitinib for 48 or 72 h to determine the 50% inhibitory concentration (IC50). Cell
proliferation was then assessed following stimulation with rhHGF or rhTGFα, or a
combination of these with gefitinib or crizotinib. Cells received media only as a control,
crizotinib (2 μM) or gefitinib (10 μM) only or with rhHGF 50 ng mL–1, rhTGFα 100 ng
mL–1 or a combination of these plus inhibitors for 72 h. Plates were harvested and analysed
using the CyQUANT assay (Molecular Probes, Eugene, OR, USA). For all CyQUANT
assays,fluorescencemeasurementsweremadeusing a plate reader (Molecular Devices,
Sunnyvale, CA, USA) with excitation at 485 nm and emission detection at 530 nm. Relative
cell number was calculated as a percentage of the control wells: absorbance of sample/
absorbance of DMSO treated cells X 100.

Drug combination analysis
Experiments were performed in 96-well plates. OSA8 cells were seeded at a density of 1.5 ×
105 cells per well in RPMI media containing 1% fetal calf serum (FCS). Stock solutions of
gefitinib and crizotinib were prepared in DMSO. Serial dilutions (two-fold) for each
compound were prepared, with the concentration range from .0625X to 4X the IC50 value of
each drug. To assess potential synergistic interactions, the treatment regimen involved
simultaneous treatment of cells with gefitinib and crizotinib for 72 h, in addition to controls
consisting of cells treated with the individual compounds alone for 72 h. All treatments were
performed in quadruplicate wells. Following drug treatment, the number of viable cells in
each well was determined using CyQuant cell proliferation assay Kit. Drug interactions were
analysed using CompuSyn 3.0.1 (ComboSyn, Paramus, NJ, USA), which is based on the
median effect model of Chou and Talalay.35

Statistical analysis
Experiments were repeated three times. For assessment of the effect of growth factor with
Met or EGFR inhibitor on cell proliferation, analysis of variance (ANOVA) models were
used to analyse the data for each group separately. The multiple comparisons with a control
were adjusted for using Dunnett's method.

Results
Receptor tyrosine kinase profiling in canine OSA

A phospho-receptor tyrosine kinase array (Proteome Profiler™ Human Phospho-RTK Array
Kit, R&D Systems) was used to assess the activation of cell surface RTKs on primary OSA
tumour samples. EGFR and Ron phosphorylation was consistently present in the primary
OSA tissue specimens (Fig. 1). Of the primary tumours tested, 13/13 showed EGFR
phosphorylation and 13/13 showed Ron phosphorylation. The results of the phospho-array
profiling are summarized in Table 1.

EGFR and Ron are expressed in OSA primary tumours and cell lines
Total RNA was extracted from primary OSA tumour samples and OSA cells lines and
cDNA was synthesized. Primer pairs designed for detection of canine Ron and EGFR are
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listed in Table 2. EGFR was consistently expressed in canine OSA cell lines (OSA8, OSA16
and D17) as well as primary OSA tumour tissue (Fig. 2A,B). Ron was expressed in the
OSA8 and OSA16 and minimally in the D17 cells, but not OSA36 (Fig. 2A). Ron was
consistently expressed in the primary OSA tumour tissues (Fig. 2B).

Ron expression is prognostic for survival in canine OSA
To determine the association between Ron and Met expression and disease free interval and
survival, immunohistochemistry was performed using a canine OSA tissue microarray. Dogs
with tumours that had high Ron expression experienced significantly decreased survival
compared to those with intermediate (P = 0.0077), low (P = 0.0254) or no Ron expression
(P = 0.0345) (Fig. 3A). Met expression alone was not associated with outcome in these
patients (Fig. 3B). In addition, dogs with tumours that had a high Ron expression had a
significantly decreased percent disease free interval compared to those with low Ron
expression (P = 0.0158, data not shown). This indicates that Ron expression is significant in
canine OSA.

Met is associated with EGFR and Ron in canine OSA cell lines and primary OSA tumours
To determine if Met was associated with Ron or EGFR in canine OSA, co-
immunoprecipitation experiments were performed in which Met was immunoprecipitated
from canine OSA cell lines OSA8, OSA16 and OSA36 followed by western blotting to
probe for Met, EGFR and Ron (Fig. 4A). The results show that Met is associated with EGFR
in the OSA8, OSA16 and OSA36 cell lines and Ron in the OSA8 and OSA16 cell lines. The
reciprocal experiment in which EGFR was immunoprecipitated followed by blotting for Met
using OSA8, OSA16, OSA36 and D17 cell lines (Fig. 4B) confirmed that EGFR is
associated with Met in these cell lines. In each experiment, a western blot was performed
simultaneously to confirm expression of Met and Ron at the protein level (Fig. 4A,B, right
side). In addition, Met was associated with EGFR in two canine primary OSA tumour tissue
samples (Fig. 4C). The western blot results were concordant with the RT-PCR data (Fig.
2A) with no Ron protein expression and thus no association with Met seen in the OSA36
cell line (Fig. 4A). Met expression was variable, but this was expected as Met western
blotting experiments usually require immunoprecipitation of the protein.

TGFα stimulation potentially rescues canine OSA cells from Met inhibitor treatment
Crizotinib (Pfizer), is a specific Met small molecule inhibitor, although this drug also targets
anaplastic lymphoma kinase. It is currently being evaluated in human phase I, II and III
clinical trials.36 Gefitinib, a member of the 4-anilinoquinazoline class of compounds, is a
specific and reversible inhibitor of EGFR. Its is currently approved to treat NSCLC patients
refractory to chemotherapy.37–39 OSA8 cells stimulated with HGF, TGFα or both and
treated with crizotinib (2 μM) or gefitinib (10 μM), or both, for 72 h showed a trend towards
TGFα rescue of crizotinib-treated OSA8 cells (Fig. 5). This was significant for both the
TGFα (P < 0.001) and TGFα plus HGF stimulated cells (P = .0001) that were treated with
crizotinib, suggesting that EGFR may support the proliferation of OSA cells. Cell
proliferation in response to ligand was modest for both HGF and TGFα. In addition,
treatment with a combination of gefitinib and crizotinib enhanced the loss of cell
proliferation in these cells compared to either inhibitor alone.

The combination of gefitinib and crizotinib results in additive growth inhibition
To evaluate if combinatorial inhibition of the Met and EGFR pathways promotes enhanced
loss of cell proliferation, the OSA8 cell line was treated with gefitinib and crizotinib.
Incubation with drug was performed using multiples of the IC50 ranging from 0.0625 to 4X.
Gefitinib (0.625–40 μM) or crizotinib (0.25–8 μM) treatment reduced the proliferation of
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OSA8 cells in a dose dependent manner consistent with previous data (Fig. 6A). Treatment
of OSA8 cells with both gefitinib and crizotinib resulted in an additive inhibition of cell
growth, generating a combination index (CI) between 0.9 and 1.0 (Fig. 6B) at effect levels
>50% ED50 (the point at which the combination inhibits cell growth by 50%).

TGFα stimulation promotes Met phosphorylation at late but not early time points
As OSA frequently expresses both EGFR and Met, we examined whether the ligand for
EGFR or Met could activate the reciprocal receptor as a form of cross-talk given the
association between these receptors demonstrated earlier. Stimulation of OSA8 cells with
HGF or TGFα for 15 min did not result in phosphorylation of the reciprocal receptors (Fig.
7A,B). Recent data suggest that EGFR activation is capable of promoting Met
phosphorylation in NSCLC cells, but that this phenomenon is observed at late (12–24 h)
time points following stimulation. To determine whether cross-phosphorylation is similarly
a late event in canine OSA, the OSA8 cells were serum starved and incubated with TGFα
for 12, 24 or 24 h. In contrast to the short-term exposure, protracted incubation with TGFα
promoted cross-phosphorylation of Met (Fig. 7C).

Combined HGF and TGFα stimulation promotes enhanced ERK1/2 phosphorylation
As the Met and EGFR pathways share similar downstream signalling pathways, we assessed
ERK1/2, STAT3 and AKT phosphorylation following stimulation with HGF, TGFα or a
combination of both. EGFR signalling in canine OSA is consistent with previously reported
signalling pathways for EGFR including activation of ERK1/2 (Fig. 8A) and STAT3 (Fig.
8B) with TGFα stimulation. Furthermore, stimulation with HGF and TGFα did promote
enhanced phosphorylation of signalling intermediates ERK1/2 and STAT3 (Fig. 8A,B), but
not AKT (Fig. 8C). Interestingly, stimulation with both HGF and TGFα promoted an
increase in ERK1 compared to the signal elicited by either growth factor alone (Fig. 8A).

Met and EGFR inhibition confirms co-operative signalling in the MAPK pathway
To determine the effects of Met and EGFR inhibitor treatment on signalling induced by
HGF, TGFα or a combination of both, OSA8 cells were serum starved for 2 h followed by
treatment with crizotinib (2 μM), gefitinib (2 μM) or a combination of both for 2 h.
Phosphorylation of STAT3 persisted despite treatment with gefitinib or crizotinib indicating
that the EGFR and Met pathways are not the main drivers of STAT3 activation in these cells
(Fig. 9A–C). ERK1/2 phosphorylation following HGF or TGFα stimulation was inhibited
with the Met and EGFR inhibitors crizotinib (Fig. 9B) and gefitinib (Fig. 9C), respectively.
No reciprocal inhibition of ERK1/2 phosphorylation was detected as crizotinib did not
inhibit TGFα stimulated ERK1/2 phosphorylation (Fig. 9B), and gefitinib did not inhibit
HGF stimulated ERK1/2 phosphorylation (Fig. 9A). Finally, ERK1/2 phosphorylation was
maintained following HGF and TGFα stimulation in the presence of individual inhibitors
(Fig. 9A,B) but was abrogated in the presence of both crizotinib and gefitinib (Fig. 9C).

Discussion
Despite treatment of OSA with limb amputation and chemotherapy, no significant
improvement in survival times for dogs has been achieved in over a decade with less than
10–20% surviving greater than 2 years.40 An increased understanding of tumour biology has
promoted selective targeting of cell signalling pathways as a mechanism for improving
therapeutic efficacy. In particular, inhibition of RTKs is a strategy employed to target
pathways that contribute to tumour cell proliferation, invasion and survival. Met, EGFR and
Ron are RTKs expressed on a variety of cancer cell types and each has been found to have
dysregulated expression in a variety of different cancers via over-expression and/or
mutation. In addition, receptor cross-talk has been reported both between EGFR and Met in
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NSCLC and Ron and Met in cancers of the liver, ovary and bladder.15,41–43 Cross-talk
between receptors is a mechanism by which growth factor receptors may affect the strength
and duration of shared downstream signalling pathways. There are many mechanisms for
crosstalk including transactivation of a receptor with a reciprocal ligand, transcriptional
upregulation of the opposite receptor's ligand, lateral ligand independent activation, or direct
binding of receptors providing stabilization and escape from endocytic degradation.13,22,41

Given the interaction of EGFR, Ron and Met in other cancer types, we wanted to examine
the potential for interaction among these receptors in canine OSA.

Our data demonstrate that primary canine OSA exhibit expression of both Ron and EGFR,
and that both receptors are phosphorylated in fresh tumour specimens based on RTK arrays.
Met, EGFR and Ron have several major signalling pathways in common such as PI3K-AKT
and ERK1/2-MAPK. This redundancy may provide a potential mechanism for compensatory
signalling if inhibition of one of the RTK's occurs or possibly potentiation of signalling if
multiple receptors are activated. In support of this idea, we demonstrated that Met, Ron and
EGFR co-associated in canine OSA cell lines and tumour samples. As Ron is considered a
less efficient kinase than Met, this association may promote a stronger or more sustained
signal than Ron/Ron homodimers.14,44 Further-more, Ron-mediated activation of distal
signalling intermediates following proximal inhibition of the IGF1R signalling axis in
Ewings sarcoma cells has been documented32 supporting the notion that Ron activation
influences other growth factor signalling pathways.

We next examined the expression level of Ron and its relationship to patient outcome and
found that high Ron expression was associated with decreased survival and disease free
interval in dogs with OSA. In human colorectal cancer, an aggressive subgroup of node
negative breast cancer, and transitional cell carcinoma of the bladder, co-expression of Met
and Ron was also associated with decreased survival.43,45,46 Together, these findings
suggest that high Ron expression may promote heterodimer formation with Met (and
possibly EGFR), thereby enhancing/modifying signalling through key cellular pathways that
regulate oncogenic functions.

While the effects of Met/EGFR co-association have not previously been investigated in
OSA, in human NSCLC, a synergistic effect of EGF and HGF on proliferation, downstream
activation of signal transduction and additive effect on motility was demonstrated.47 It was
also shown that constitutive phosphorylation of Met promoted resistance to EGFR kinase
inhibitors in breast cancer and that decreasing Met kinase activity decreased EGFR tyrosine
phosphorylation and proliferation in the presence of gefitinib.48 Furthermore, Met and
EGFR co-immunoprecipitated in breast cancer cells in the presence and absence of gefitinib
and down regulation of EGFR expression decreased Met constitutive phosphorylation.49

Thus, Met/EGFR interaction in OSA may provide an advantage to the tumour cells,
permitting the cells to maintain biological functions in the face of limiting growth factor/
ligand.

We did not observe evidence of EGFR/Met cross-talk when OSA cells were treated with
TGFα for 15 min. However, a recent study with NSCLC cells expressing wild-type Met and
EGFR showed delayed Met phosphorylation in response to EGF stimulation of EGFR
beginning at 24 h and that Met signalling was required for maximal EGFR-induced invasion
and motility.41 We therefore investigated whether delayed phosphorylation of Met may be
occurring through TGFα stimulation of EGFR. As with the NSCLC cells, Met
phosphorylation was present after 12, 24 and 48 h exposure of these OSA cells to TGFα.
Cell proliferation in response to HGF and TGFα stimulation was not markedly increased;
however, TGFα stimulated a mild rescue of cell proliferation in the OSA cells treated with
the Met inhibitor, crizotinib after 72 h of culture. It is possible that the EGFR-Met cross-talk
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contributes to the TGFα-mediated rescue seen in the face of crizotinib treatment (Fig. 5). In
NSCLC cells, the delayed Met phosphorylation was the result of ligand stimulated EGFR
activation of c-Src followed by transcription of an unknown protein that enhanced Met
phosphorylation. Delayed phosphorylation of Met may be a mechanism for EGFR to
amplify the invasive phenotype as was the case in the NSCLC cells in which this
phenomenon maximized cell motility and invasion. A similar effect may occur in OSA cells
in which delayed Met phosphorylation may enhance previously initiated EGFR-mediated
motility, invasion or proliferation without amplification or ligand stimulation of Met.

Combined treatment with gefitinib and crizotinib promoted an additive effect on inhibition
of cell proliferation in the OSA cells. The combination studies demonstrate that the dose of
each drug could be reduced by approximately 45% (if used in combination) to get 50%
killing, relative to the doses needed to get the same level of cell kill when used as single
agents. As stimulation with a combination of HGF and TGFα-enhanced ERK1/2
(particularly ERK1) and STAT3 phosphorylation, this additive effect may be due in part to
dual inhibition of these pathways through Met and EGFR inhibition. The ERK1/2 pathway
has multiple functions in a variety of cell types and appears to be important for antiapoptotic
signals.50 For example, ERK induction can protect human ovarian carcinoma cells from
chemotherapy-induced death.51 In one study, blocking ERK1/2 sensitized human malignant
mesothlioma cells to doxorubicin through inhibition of expression of ATP-binding cassette
genes.52 It is therefore possible that enhanced ERK1/2 signalling through co-ordinated
activation of Met/EGFR/Ron signalling pathways helps protect OSA cells from
chemotherapy-induced cell death.

A major problem associated with RTK monotherapy is the development of drug resistance.
Previous reports have described acquired resistance to RTK inhibitors through multiple
mechanisms. For instance, acquisition of additional point mutations in EGFR as well as c-
Met amplification and subsequent HER3-dependent activation of PI3K in NSCLC are
reported causes of resistance to gefitinib.53,54 In one study, combined inhibition of MET and
EGFR kinases in MET-dependent NSCLC cells did not enhance their initial sensitivity to
crizotinib, but did suppress the eventual emergence of drug-resistant clones after prolonged
drug exposure.55 Activation of the EGFR pathway in these cells increased the number of
crizotinib-resistant clones. Our data show that reduction of the dose of each drug by
approximately 45% (if used in combination) achieves 50% killing, relative to the doses
needed to get the same level of cell kill when used as single agents (Fig. 6B, bottom table).
Thus, the relationship between Met and EGFR signalling indicates that combined use of Met
and EGFR kinase inhibitors may be beneficial in OSA not only to enhance the effect of
single agent therapy alone but also by reducing selection for drug-resistant clones.

In summary, our data demonstrate that Ron plays an important role in outcome for canine
OSA patients. This may be related to direct interactions with Met as was documented for
OSA cell lines and tumour samples, or may be associated with Ron activation of distal
signalling targets that enhances the function/signalling of other kinases. Further studies are
needed to identify the signalling pathways activated by Ron in OSA cells. We also
demonstrated that Met and EGFR co-associate in OSA cells, inducing cross-talk through
TGFα stimulation of Met as well as amplification of ERK1/2 phosphorylation following
dual growth factor stimulation. Together, these data support the notion that Met, Ron and
EGFR interact in canine OSA. This interaction proved functional for Met and EGFR,
altering the manner in which these cells respond to growth factor stimulation. Future work
evaluating the effects of inhibiting all three pathways in OSA cells in vitro and in vivo will
help to define the therapeutic potential of these pathways.
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Figure 1.
Phospho-RTK array profiling for canine primary OSA tumours. Frozen primary OSA
tumour biopsies were used to determine phosphorylation of 42 different RTKs using the
Proteome Profiler™ Human Phospho-RTK Array Kit. EGFR was consistently
phosphorylated in canine OSA primary tumours. Ron was also consistently phosphorylated
in canine OSA primary tumours. Table 1 summarizes the findings for the phospho-RTK
array profiling.
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Figure 2.
Ron and EGFR are expressed in OSA cell lines and tumour specimens. Total RNA was
extracted from primary OSA tumour samples or 15 × 106 cells using TRIzol® reagent
followed by cDNA synthesis with reverse transcriptase-PCR to detect message for Ron and
EGFR. EGFR was consistently expressed among all cell lines and primary tumour tissues
evaluated. Ron was consistently expressed in primary OSA tumours and the OSA8 and
OSA16 cell lines (numbers correspond to dogs listed in Table 1; Ob = K9 osteoblasts, KN =
K9 TCC cell line, K = K9 kidney, C = K9 colon, L = K9 liver).
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Figure 3.
Ron expression is prognostic for survival in canine OSA. Kaplan–Meier survival curves
were generated using a canine OSA primary tumour tissue microarray and data associated
with patient outcome. (A) High Ron expression was associated with a significantly
decreased survival compared to intermediate or low Ron expression. (B) Met alone was not
associated with outcome in canine OSA.
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Figure 4.
Met, EGFR and Ron co-associate in canine OSA. Met, EGFR or Ron was
immunoprecipitated from canine OSA cell lines followed by western blot analysis for Met,
EGFR or Ron to determine interactions between these RTKs. (A and B) Met and EGFR
interaction occurred in canine OSA cell lines and (C) primary canine OSA tumours. T1 =
canine primary OSA tumour 1; T2 = canine primary OSA tumour 2 (A) Met was associated
with Ron in canine OSA cell lines. Western blot analysis was performed simultaneously (A
and B right side) to confirm protein expression of EGFR and Ron in the cell lines. [Note:
immunoprecipitation (IP) is usually required for Met.]
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Figure 5.
TGFα stimulation potentially rescues canine OSA cells from Met inhibitor treatment. OSA8
cells were plated in C1 RPMI media. The cells were left unstimulated, or stimulated with
HGF (50 ng mL–1), TGFα (100 ng mL–1) or both following treatment with crizotinib (C; 2
μM) or Gefitinib (G; 10 μM) or both for 72 h. TGFα stimulation of the cells promoted a
significant rescue of crizotinib-treated OSA8 cells. In addition, treatment with a combination
of gefitinib and crizotinib enhanced the loss of cell proliferation in these cells. The adjusted
P-values following Dunnett's method and ANOVA analysis of the treatment combinations
was P < 0.001 and P = 0.001 for the crizotinib plus TGFα and crizotinib plus TGF=α and
HGF, respectively.
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Figure 6.
Gefitinib and crizotinib treatment promotes an additive effect for inhibiting canine OSA cell
proliferation. OSA8 cells were plated in C1 RPMI media and treated for 72 h with gefitinib
only, crizotinib only or a combination of gefitinib and crizotinib using concentrations
ranging from 0.0625X to 4X their IC50 concentrations. (A) Cell proliferation was assessed
using a CyQuant assay, which was then used for CompuSyn analysis. (B) The combination
of gefitinib and crizotinib promoted an additive effect on inhibition of cell proliferation. The
resulting CI values are shown for ED50 ≥ 50% (the point on the curve where the cell number
is 50% of that in the untreated controls) (top table). The bottom table shows the data for
ED50. To achieve 50% killing of the cells, it would require approximately twice the dose of
gefitinib and crizotinib used individually compared to these drugs used in combination. The
CI value definitions are as follows: 1.45–1.2 is moderately antagonistic, 1.2–1.1 is slightly
antagonistic, 1.1–0.9 is additive, 0.9–0.85 is slightly synergistic, 0.85–0.7 is moderately
synergistic and 0.7–0.3 is synergistic.
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Figure 7.
Prolonged, not immediate TGFα stimulation promotes Met phosphorylation. OSA8 cells
were serum starved for 2 h and then left unstimulated, or stimulated with HGF (50 ng
mL–1), TGFα (100 ng mL–1) or a combination of both for 15 min. (A) Western blot analysis
was performed on canine OSA8 cell lysates for EGFR phosphorylation. HGF stimulation
did not promote EGFR phosphorylation. (B) Met was immunoprecipitated from canine
OSA8 cells followed by western blot analysis. TGFα stimulation did not promote Met
receptor phosphorylation. Thus, although a co-association was initially seen with Met and
EGFR, a reciprocal activation of the receptors did not occur with an immediate HGF or
TGFα stimulation. (C) For the prolonged TGFα stimulation, OSA8 cells were serum starved
for 2 h before treatment with TGFα (100 ng mL–1) for a total of 12, 24 and 36 h followed by
immunoprecipitation of Met. Western blot analysis was performed and showed
phosphorylation of Met occurred with 12, 24 and 48 h of exposure to TGFα. Controls (C)
included serum starved nonstimulated and 15-min HGF (50 ng mL–1) stimulated OSA8
cells. TGFα promoted Met phosphorylation that was evident at 12, 24 and 48 h.

McCleese et al. Page 20

Vet Comp Oncol. Author manuscript; available in PMC 2014 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
TGFα and HGF stimulation enhances ERK1/2 signalling in OSA8 cells. OSA8 cells were
serum starved for 2 h and then left unstimulated, or stimulated with HGF (50 ng mL–1),
TGFα (100 ng mL–1) for 15 min, or a combination of both. Western blot analysis was
performed and showed (A) enhanced ERK1/2 phosphorylation, (B) mildly enhanced STAT3
phosphorylation, (C) and had no effect on AKT phosphorylation with combined HGF and
TGFα stimulation compared to either alone. Western blot band density analysis was
performed using ImageJ analysis software.

McCleese et al. Page 21

Vet Comp Oncol. Author manuscript; available in PMC 2014 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Met and EGFR inhibition confirms cooperative signalling in the MAPK pathway. OSA8
cells serum starved for 2 h and treated with (A) gefitinib (2 μM), (B) crizotinib (2 μM) or
(C) both (C + G) for 2 h followed by stimulation for 15 min with HGF (50 ng mL–1), TGFα
(100 ng mL–1), or both or left unstimulated. Immunoprecipitation for Met and western blot
analysis for Met and signalling intermediates was performed.
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Table 2

Primers for Ron and EGFR reverse transcriptase-PCR

Primer Sequence 5′–3′

cRon2606F GGTCGTTTGGTGTGTTGCTATGG

cRon2875R CATAGGCTGCCGGCAGCTGCACAT

CEGFR086F GCCCAAGATCCCATCCATTGC

CEGFR350R CTTGTACACTGTGCCGAATGC

hGAPDH520F ACCACAGTCCATGCCATCAC

hGAPDH971R TCCACCACCCTGTTGCTGTA
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