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ABSTRACT
Pazopanib, a multitarget tyrosine kinase (TK) inhibitor, has been approved
for treatment of soft tissue sarcoma. Elucidation of the molecular background of
pazopanib resistance should lead to improved clinical outcomes in sarcomas;
accordingly, we investigated this in synovial sarcoma using a proteomic approach.
Pazopanib sensitivity was examined in four synovial sarcoma cell lines: SYO-1, HSSYII, 1273/99, and YaFuSS. The 1273/99 cell line showed significantly higher IC50
values than the others for pazopanib. Expression levels of 90 TKs in the cell lines were
examined by western blotting. Among these, the levels of PDGFRB, DDR1, AXL, MET,
and PYK2 were higher, and those of FGFR1 and VEGFR3 were lower in the 1273/99
cell line than the other cell lines. Gene silencing analysis of the TKs upregulated
in 1273/99 cells showed differing effects on cell growth: PDGFRB, MET, and PYK2
knockdown induced cell growth inhibition, whereas DDR1 and AXL knockdown did
not influence cell growth. Using the PamChip peptide microarray, we found that 18
peptide substrates were highly phosphorylated in the 1273/99 cell line compared
with other cell lines. Using the PhosphoNet database, we found that kinases FGFR3,
RET, VEGFR1, EPHA2, EPHA4, TRKA, and SRC phosphorylated these 18 peptide
substrates. Moreover, the results for overexpressed and aberrantly activated TKs
in pazopanib-resistant cells showed no overlap. Taken together, our study indicates
that identification of comprehensive TK profiles represents an essential approach to
determining the molecular background of pazopanib resistance in synovial sarcoma.

soft tissue sarcoma [5]. However, pazopanib resistance
represents a major hurdle to improving the overall
response and survival of patients with soft-tissue sarcoma.
The lack of understanding of the molecular background of
resistance represents a major challenge in the treatment of
soft-tissue sarcoma using pazopanib.
Proteomic analysis is an essential approach for
the identification of proteins associated with drug
resistance [6, 7]. In particular, the comparative proteomic
approach has been successfully applied to the discovery
of drug resistance mechanisms [8, 9]. Among proteomic
techniques, antibody-based proteomics plays an important
role in the identification and validation of new cancer
biomarkers associated with drug resistance [10-12]. In

INTRODUCTION
Pazopanib is a molecular targeted drug approved
by the US Food and Drug Administration for soft-tissue
sarcoma [1]. It is a multitarget tyrosine kinase (TK)
inhibitor (TKI) with activity against vascular endothelial
growth factor receptor (VEGFR)-1, VEGFR-2, and
VEGFR-3; platelet-derived growth factor receptor
(PDGFR)-A and PDGFRB; fibroblast growth factor
receptors; and KIT [2-4]. Based on the results of a clinical
trial, namely, pazopanib for metastatic soft-tissue sarcoma
(PALETTE), pazopanib is currently recommended as
the gold standard treatment after failure of standard
chemotherapy for patients with metastatic non-adipocytic
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addition, kinase activity profiling enables the detection of
kinase activity in cell lysates via analysis of the level of
substrate phosphorylation; this provides a comprehensive
picture of drug resistance–related kinases [13, 14].
Recently, a high-throughput kinase activity screening tool,
the PamChip peptide microarray system, which contains
a porous microarray with 144 kinase substrates, has been
used to identify the TK activity profile in many types of
cancers [15-18]. A critical step for overcoming resistance
against TKIs is to obtain comprehensive understanding
of their molecular background; the use of TKI-centric
strategies would accelerate this.
To elucidate the molecular background of
pazopanib resistance in sarcoma, we examined the protein
expression levels of 90 TKs by western blotting. Further,
we performed TK activity profiling in synovial sarcoma
cell lines using the PamChip peptide microarray. Via this
approach, we identified TKs whose expression or activity
was considerably different.

lines. We found that discoidin domain receptor (DDR)1,
AXL, MET, and proline-rich tyrosine kinase (PYK)2 were
expressed at higher levels in the 1273/99 cell line than
in the other cell lines (fold change > 2; Figure 2C, 2D).
To verify the TKs associated with pazopanib resistance,
we also performed microarray analysis to validate the
variations in gene expression levels of these TKs. The
gene expression levels of 44 of 90 TKs are shown in
supplementary Figure 2A. We compared the mRNA and
protein expression data, and calculated the correlation
coefficient between them. We found that all differentially
expressed tyrosine kinases, excepted VEGFR3, showed a
high correlation coefficient between mRNA and protein
expression data (Supplementary Figure 2B, 2C).

Functional properties of overexpressed TKs in
pazopanib-resistant cells
To examine the functional properties of the TKs
overexpressed in the 1273/99 cells, we performed gene
silencing assays and measured cell proliferation. Using
western blotting, we confirmed that the expression levels
decreased after transfection with small interfering RNAs
against the overexpressed TKs (PDGFRB, MET, PYK2,
DDR1, and AXL; Figure 3A). Then, we examined the
viability of 1273/99 cells after siRNA treatment for 72 h.
We found that proliferation of 1273/99 cells was inhibited
by siPDGFRB, siMET, and siPYK2. siAXL and siDDR1
did not affect the proliferation of 1273/99 cells (Figure
3B). In addition, we examined the effect of these five
siRNAs on proliferation in the SYO-1, HS-SY2, and
YaFuSS cell lines, and found that they were not affected
(Supplementary Figure 3). Moreover, we examined the
synergistic effect of knockdown of the overexpressed TKs
and pazopanib treatment in 1273/99 cells. The 1273/99
cells were treated with siRNA and various concentrations
(0.2–20 μM) of pazopanib, and cell proliferation was
determined. No synergistic effects were identified
between knockdown of any of the overexpressed TKs and
pazopanib treatment (Supplementary Figure 4).

RESULTS
Sensitivity of the four cell lines to pazopanib
treatment
To verify the sensitivity of synovial sarcoma cells
to pazopanib, the four synovial sarcoma cell lines, namely
SYO-1, HS-SYII, 1273/99, and YaFuSS, were treated
with various concentrations of pazopanib for 72 h, and
cell viability was determined. The percentage of surviving
cells decreased in a dose-dependent manner in all the cell
lines (Figure 1A). The 1273/99 cell line was more resistant
to pazopanib than the other three cell lines. The 72-h half
maximal inhibitory concentrations (IC50) of pazopanib for
the SYO-1, HS-SYII, 1273/99, and YaFuSS cells were
1.41 ± 0.19, 1.92 ± 0.22, 10.3 ± 1.45, and 2.59 ± 0.05 μM,
respectively (Figure 1B).

TKs associated with pazopanib resistance in
synovial sarcoma cell lines

TK activity in the cell lines

To identify TKs whose expression levels were
related to pazopanib resistance, the expression levels of
90 TKs in four synovial sarcoma cell lines were examined
by western blotting. The expression levels of 44 of 90
TKs could be identified. The results have been shown in
a heatmap format (Supplementary Figure 1). The protein
expression levels of targets of pazopanib (FGFR-1, FGFR3, KIT, PDGFRA, PDGFRB, VEGFR-1, VEGFR-2, and
VEGFR-3) were compared; the results are shown as Figure
2A. We found that the FGFR-1 and VEGFR-3 expression
levels were lower and PDGFRB expression level was
higher in the 1273/99 cell line than in the other cell lines
(fold change > 2; Figure 2B). Furthermore, we compared
the expression levels of TKs that were not targets of
pazopanib in 1273/99 cells with those in the other cell
www.impactjournals.com/oncotarget

In order to perform TK activity profiling in the four
synovial sarcoma cell lines, the TK activity in lysates from
these lines was analyzed using kinase PamChip peptide
microarrays. TK activity profiling data are shown as an
unsupervised hierarchically clustered heat map of log
signal intensity for each phosphosubstrate (Figure 4A). The
result obtained using the PamChip peptide microarray were
clustered according to peptides and cell lines along the x- and
y-axes, respectively. Six major clusters (clusters A, B, C, D,
E, and F) of peptides were identified (Figure 4B). Using the
18 peptides in cluster C that were highly phosphorylated in
1273/99 cells, we analyzed the kinases that phosphorylate
these peptides, using the PhosphoNet database. We found that
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Figure 1: Effect of pazopanib on proliferation of synovial sarcoma cells. (A) Four synovial sarcoma cell lines were incubated
in the presence of pazopanib (0, 0.2, 0.5, 1, 2, 5, 10, or 20 μM) for 72 h. The relative number of remaining cells was evaluated by CCK-8
assay. Values represent mean ± SD; *p < 0.05. (B) Bar graph shows the IC50 values of pazopanib in the four synovial sarcoma cell lines.
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Figure 2: Protein expression levels of targets of pazopanib and other TKs that were differentially expressed in
pazopanib-resistant cells. All TK antibodies were used to detect the protein expression levels of 90 TKs in four synovial sarcoma cell

lines. The expression levels of targets of pazopanib are shown as (A), and the relative intensity is shown as a bar graph (B). The other TKs
that were differentially expressed (fold change > 1.5) in the pazopanib-resistant cells than other cells are shown as (C), and the relative
intensity is shown as a bar graph (D).
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Figure 3: Effect of siRNA-mediated gene silencing of upregulated TKs on proliferation of the 1273/99 cell line. Validation

of knockdown effect of siRNA by western blotting (A). Effect of siRNA-mediated gene silencing of PDGFRB, MET, PYK2, DDR1, and
AXL on cell proliferation. Cell viability was measured after 72 h (B).
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these kinases were FGFR3, rearranged during transfection
(RET), VEGFR1, EPHA2, EPHA4, TRKA, and SRC
(Supplementary Table 3). On comparing these kinases with
overexpressed TKs identified by western blotting in 1273/99
cells, we found no overlap between them.

in pazopanib resistance in synovial sarcoma cells.
Furthermore, we used a peptide microarray system
(PamGene) to examine the kinase activity among the
four cell lines, and found that the kinases in pazopanibresistant cells were not consistent with the overexpressed
TKs identified by western blotting. We considered that
the kinase activity of some overexpressed TKs was not
regulated by protein expression in synovial sarcoma
cells. Previous studies have shown that kinase activity
is not regulated only by protein expression: Lutz et al.
found that Src kinases participate in growth regulation of
pancreatic cancer cells, and that the kinase activity level
of Src is not regulated by protein expression levels [25]. In
light of the above-mentioned findings, we suggested that
identification of comprehensive TK profiles is a crucial
approach for investigating the molecular mechanism
underlying pazopanib resistance in synovial sarcoma.
We examined the kinase activity profiling of
synovial sarcoma cell lines using a commercially available
array (PamChip) consisting of 144 protein TK substrates.
Several studies have discussed the potential of this array
for target identification in clinical samples [26], and others
have proposed the application of this system to predict
response to TKIs [27]. In the current study, using this
system, we identified FGFR3, RET, VEGFR1, EPHA2,
EPHA4, TRKA, and SRC as kinases associated with
pazopanib resistance. Some of the TKs identified in this

DISCUSSION
In this study, we focused on 90 TKs and examined
their expression levels in four synovial sarcoma cell lines
with varying sensitivities to pazopanib. 44 tyrosine kinases
were identified by western blot, and the tyrosine kinases
coverage closed to 50% in this proteomic study. We
additionally performed kinase activity profiling to identify
TKs with high levels of activity associated with pazopanib
resistance. The present study led to the identification of
TKs whose expression or activity was considerably
different. Our findings showed that analysis of TK profiles
is an important approach for elucidating the molecular
background of pazopanib resistance in sarcoma. Further,
these findings aid in exploring the mechanism underlying
TKI resistance in this form of cancer.
To examine the function of overexpressed TKs in
pazopanib-resistant cells, we performed a gene silencing
assay and evaluated the effects on cell proliferation. We
found that not all overexpressed TKs were involved

Figure 4: Basal tyrosine kinase activity profiling of four synovial sarcoma cell lines. Protein tyrosine kinase activity profile
obtained using four synovial sarcoma cell lysates, as tested on PamChip microarrays. The color-coded signature is shown as a heatmap in
which high level of kinase activity is reflected by red and low level by green.
www.impactjournals.com/oncotarget
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study have been previously reported to be involved in drug
resistance in cancer: Girotti et al. reported that SRC is a
potential target in drug-resistant BRAF mutant melanoma
[28]. Bianco reported that WEGFR1 contributes to EGFR
inhibitor in human cells [29]. Zheng et al. showed that
RET is associated with drug resistance in colorectal
cancer [30]. Zhang et al. reported that increase in EPHA2
expression mediates resistance to trastuzumab therapy in
breast cancer [31]. Further studies are required to address
the role of TKs associated with pazopanib resistance in
synovial sarcoma.
Previous studies have reported that kinome
profiling is a highly useful approach for elucidating the
molecular mechanisms underlying drug resistance in
cancer. Cox et al. reported that alterations in the kinome
affected drug resistance in leukemia [32]. Kurimchak et
al. showed that resistance to human bromodomain and
extraterminal domain (BET) bromodomain inhibitors is
mediated by kinome reprogramming in ovarian cancer
[33]. Cooper et al. reported that dysregulated kinases and
kinome dynamics in cancer cells are important targets for
overcoming drug-resistant leukemia [34]. In the current
study, using western blotting and the PamChip peptide
microarray, we identified TKs that were associated with
pazopanib resistance in synovial sarcoma. The use of
a combination of antibody-based and activity-based
proteomics for tyrosine kinases should deepen our
understanding of drug resistance in sarcoma.
The current study has some limitations. First, an
important consideration in the selection of cell lines for
drug response is the ethnic background of the individuals
from whom the cell lines have been derived. Numerous
potential issues result from population heterogeneity. In
this study, SYO-1, HS-SY II, and YaFuSS cell lines were
derived from Japanese patients, while the 1273/99 cell line
was derived from a European patient. We did not examine
the effect of cell origin as sufficient synovial sarcoma
cell lines are not available. Second, the results for kinase
activity were not validated by other proteomic approaches,
such as mass spectrometry-based phosphoproteomics.
Further research is required to validate these results.
In conclusion, our study demonstrated that
identification of comprehensive TK profiles is an essential
approach for determining the molecular background of
pazopanib resistance in synovial sarcoma.

Ishibe (University of Tokyo, Tokyo, Japan) [23].
Low-glucose Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) was used to culture cells. Cells were cultured at
37°C in a humidified atmosphere with 5% CO2. Cells
from exponentially growing cultures were used in all
experiments.

Cell viability analysis
The tumor cells were plated on 96-well plates
(10,000 cells/well) and incubated in the presence of
pazopanib (0, 0.2, 0.5, 1, 2, 5, 10, or 20 μM) for 72 h.
Then, cell growth was measured using the Cell Counting
Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s recommendations.

Western blotting
Each protein sample (5 μg) was subjected to
separation using sodium dodecyl sulfate (SDS)–
polyacrylamide gel electrophoresis (PAGE) on a 12.5%
polyacrylamide gradient gel; this was followed by blotting
onto a nitrocellulose membrane. Immunoblot analysis was
performed using the antibodies listed in Supplementary
Table 1 and horseradish peroxidase–conjugated secondary
IgG antibodies (1 : 2,000; Sigma, St Louis, MO, USA).
Antibody–antigen complexes were visualized with an
ECL Prime System (GE Healthcare, Milwaukee, WI,
USA) using the Amersham Imager 600 (GE Healthcare).
The protein band intensity was quantified, and the relative
intensity of the proteins examined was calculated on the
basis of the actin band intensity on the same membrane.
Band intensity was measured using ImageJ (US National
Institutes of Health, Bethesda, MD, USA).

Microarray analysis
Total RNA was extracted from synovial sarcoma
cell lines using the RNeasy kit (Qiagen, Venlo, the
Netherlands). In brief, mRNA expression profiles of the
samples were obtained by hybridizing the RNA to the
SurePrint G3 Human GE DNA microarray (8×60K, Ver3.0,
Agilent Technologies, Santa Clara, CA), following the
manufacturer’s instructions. Hybridized microarrays were
scanned with a microarray scanner (Agilent G2565BA)
with default protocols and settings. The microarray data
were normalized and standardized using the Bioconductor
agilp limma package (http://bioconductor.org/packages/
agilplimma/). Differences between two sample groups
were established using an unpaired t-test. A p-value < 0.05
was considered to represent statistical significance.

MATERIALS AND METHODS
Cells and culture
Four synovial sarcoma cell lines were used in this
study: SYO-1 was a gift from Akira Kawai (National
Cancer Center, Tokyo, Japan) [19], HS-SY-II from
Hiroshi Sonobe (Kochi Medical School, Kochi, Japan)
[20], 1273/99 from Olle Larsson (Karolinska Institute,
Stockholm, Sweden) [21, 22], and YaFuSS from Tatsuya
www.impactjournals.com/oncotarget

Gene silencing assay
siRNAs were purchased from Sigma, and nonspecific control siRNA duplexes (AllStar Negative Control
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siRNA) were purchased from Life Technologies. The target
sequences have been provided in Supplementary Table
2. A total of 1 × 104 synovial sarcoma cells were seeded
into each well of the 96-well plate. On the following day,
the cell monolayer was washed with prewarmed sterile
phosphate-buffered saline. The cells were transfected with
the appropriate siRNA by using RNAi max transfection
reagents (Thermo Fisher, Waltham, MA, USA) in
accordance with the manufacturer’s protocol. Twentyfour hours later, the culture medium was replaced with
DMEM-low glucose (Sigma). The cells were harvested for
western blotting or treated with pazopanib for 72 h after
transfection.

to human with pazopanib, a multikinase angiogenesis
inhibitor with potent antitumor and antiangiogenic activity.
Mol Cancer Ther. 2007; 6: 2012-21.
3. Bukowski RM. Pazopanib: a multikinase inhibitor with
activity in advanced renal cell carcinoma. Expert Rev
Anticancer Ther. 2010; 10: 635-45.
4. Harris PA, Boloor A, Cheung M, Kumar R, Crosby RM,
Davis-Ward RG, Epperly AH, Hinkle KW, Hunter RN,
Johnson JH, Knick VB, Laudeman CP, Luttrell DK,
et al. Discovery of 5-[[4-[(2,3-dimethyl-2H-indazol6-yl)methylamino]-2pyrimidinyl]amino]-2-methyl-b
enzenesulfonamide (Pazop anib), a novel and potent
vascular endothelial growth factor receptor inhibitor. J Med
Chem. 2008; 51: 4632-40.

TK activity profiling using PamChip peptide
microarrays

5. van der Graaf WT, Blay JY, Chawla SP, Kim DW, BuiNguyen B, Casali PG, Schoffski P, Aglietta M, Staddon
AP, Beppu Y, Le Cesne A, Gelderblom H, Judson IR, et al.
Pazopanib for metastatic soft-tissue sarcoma (PALETTE): a
randomised, double-blind, placebo-controlled phase 3 trial.
Lancet. 2012; 379: 1879-86.
6. Araujo RP, Liotta LA, Petricoin EF. Proteins, drug
targets and the mechanisms they control: the simple truth
about complex networks. Nat Rev Drug Discov. 2007;
6: 871-80.

TK activity profiles were determined using the
PamChip TK peptide microarray system (PamGene
International B.V’s-Hertogenbosch, The Netherlands), as
described previously [24]. Briefly, total synovial sarcoma
cells were lysed in M-PER Mammalian Extraction Buffer
(Pierce, Rockford, IL, USA). Cleared cell lysate (5 μg)
was mixed with 4 μl of 10 × protein TK reaction buffer
(PK), 0.4 μl of 1 M dithiothreitol, 0.4 μl of 100 × bovine
serum albumin, 1 μl of 4 mM ATP, and 0.3 μl of 1 mg·ml−1
monoclonal anti-phosphotyrosine FITC conjugate (clone
PY20); the total volume was adjusted to 40 μl with
distilled H2O. All chemicals were provided by PamGene
International BV. Each array was blocked with 0.2% bovine
serum albumin and washed with PK solution. A kinase
reaction was then performed at 30 °C. The reaction mix was
pulsed back and forth through the porous material of the
PamChip for 60 cycles. An image was obtained with a builtin CCD camera every fifth cycle. The study was performed
in triplicate. Kinases that phosphorylate substrate peptides
were predicted by referring to Phospho.elm (http://phospho.
elm.eu.org) and Uniprot (http://www.uniprot.org) databases.

7. Lage H. Proteomics in cancer cell research: an analysis of
therapy resistance. Pathol Res Pract. 2004; 200: 105-17.
8. Zhang JT, Liu Y. Use of comparative proteomics to identify
potential resistance mechanisms in cancer treatment. Cancer
Treat Rev. 2007; 33: 741-56.
9. Li XH, Li C, Xiao ZQ. Proteomics for identifying
mechanisms and biomarkers of drug resistance in cancer. J
Proteomics. 2011; 74: 2642-9.
10. Solier C, Langen H. Antibody-based proteomics and
biomarker research - current status and limitations.
Proteomics. 2014; 14: 774-83.
11. Hodgkinson VC, Eagle GL, Drew PJ, Lind MJ, Cawkwell
L. Biomarkers of chemotherapy resistance in breast cancer
identified by proteomics: current status. Cancer Lett. 2010;
294: 13-24.

CONFLICTS OF INTEREST

12. Lindskog C, Korsgren O, Ponten F, Eriksson JW, Johansson
L, Danielsson A. Novel pancreatic beta cell-specific
proteins: antibody-based proteomics for identification
of new biomarker candidates. J Proteomics. 2012; 75:
2611-20.
13. Du J, Bernasconi P, Clauser KR, Mani DR, Finn SP,
Beroukhim R, Burns M, Julian B, Peng XP, Hieronymus
H, Maglathlin RL, Lewis TA, Liau LM, et al. Bead-based
profiling of tyrosine kinase phosphorylation identifies
SRC as a potential target for glioblastoma therapy. Nat
Biotechnol. 2009; 27: 77-83.

The authors declare that there are no conflicts of
interest.

REFERENCES
1. US Food and Drug Administration. FDA approves
Votrient for advanced soft tissue sarcoma [press release].
Silver Spring, MD: US FDA; April 26, 2012. Available
from:
http://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/ucm302065.htm. Accessed December
22, 2013.

14. Schrage YM, Briaire-de Bruijn IH, de Miranda NF, van
Oosterwijk J, Taminiau AH, van Wezel T, Hogendoorn PC,
Bovee JV. Kinome profiling of chondrosarcoma reveals
SRC-pathway activity and dasatinib as option for treatment.
Cancer Res. 2009; 69: 6216-22.

2. Kumar R, Knick VB, Rudolph SK, Johnson JH, Crosby
RM, Crouthamel MC, Hopper TM, Miller CG, Harrington
LE, Onori JA, Mullin RJ, Gilmer TM, Truesdale AT, et al.
Pharmacokinetic-pharmacodynamic correlation from mouse
www.impactjournals.com/oncotarget

109594

Oncotarget

15. Tahiri A, Roe K, Ree AH, de Wijn R, Risberg K, Busch C,
Lonning PE, Kristensen V, Geisler J. Differential inhibition
of ex-vivo tumor kinase activity by vemurafenib in
BRAF(V600E) and BRAF wild-type metastatic malignant
melanoma. PLoS One. 2013; 8: e72692.

25. Lutz MP, Esser IB, Flossmann-Kast BB, Vogelmann R,
Lührs H, Friess H, Büchler MW, Adler G. Overexpression
and activation of the tyrosine kinase Src in human
pancreatic carcinoma. Biochem Biophys Res Commun.
1998; 243: 503-8.

16. Rosenberger AF, Hilhorst R, Coart E, Garcia Barrado L,
Naji F, Rozemuller AJ, van der Flier WM, Scheltens P,
Hoozemans JJ, van der Vies SM. Protein Kinase Activity
Decreases with Higher Braak Stages of Alzheimer’s Disease
Pathology. J Alzheimers Dis. 2015; 49: 927-43.

26. Ter Elst A, Diks SH, Kampen KR, Hoogerbrugge PM,
Ruijtenbeek R, Boender PJ, Sikkema AH, Scherpen FJ,
Kamps WA, Peppelenbosch MP, de Bont ES. Identification
of new possible targets for leukemia treatment by kinase
activity profiling. Leuk Lymphoma. 2011; 52: 122-30.

17. Kuijjer ML, van den Akker BE, Hilhorst R, Mommersteeg
M, Buddingh EP, Serra M, Burger H, Hogendoorn PC,
Cleton-Jansen AM. Kinome and mRNA expression
profiling of high-grade osteosarcoma cell lines implies
Akt signaling as possible target for therapy. BMC Med
Genomics. 2014; 7: 4.

27. Versele M, Talloen W, Rockx C, Geerts T, Janssen B,
Lavrijssen T, King P, Göhlmann HW, Page M, Perera T.
Response prediction to a multitargeted kinase inhibitor in
cancer cell lines and xenograft tumors using high-content
tyrosine peptide arrays with a kinetic readout. Mol Cancer
Ther. 2009; 8: 1846-55.

18. Ferguson BD, Tan YH, Kanteti RS, Liu R, Gayed MJ, Vokes
EE, Ferguson MK, Iafrate AJ, Gill PS, Salgia R. Novel
EPHB4 receptor tyrosine kinase mutations and kinomic
pathway analysis in lung cancer. Sci Rep. 2015; 5: 10641.

28. Girotti MR, Lopes F, Preece N, Niculescu-Duvaz D,
Zambon A, Davies L, Whittaker S, Saturno G, Viros A,
Pedersen M. Paradox-breaking RAF inhibitors that also
target SRC are effective in drug-resistant BRAF mutant
melanoma. Cancer Cell. 2015; 27: 85-96.

19. Kawai A, Naito N, Yoshida A, Morimoto Y, Ouchida M,
Shimizu K, Beppu Y. Establishment and characterization of
a biphasic synovial sarcoma cell line, SYO-1. Cancer Lett.
2004; 204: 105-13.

29. Bianco R, Rosa R, Damiano V, Daniele G, Gelardi T,
Garofalo S, Tarallo V, De Falco S, Melisi D, Benelli R.
Vascular endothelial growth factor receptor-1 contributes to
resistance to anti–epidermal growth factor receptor drugs in
human cancer cells. Clin Cancer Res. 2008; 14: 5069-80.

20. Sonobe H, Manabe Y, Furihata M, Iwata J, Oka T,
Ohtsuki Y, Mizobuchi H, Yamamoto H, Kumano O, Abe
S. Establishment and characterization of a new human
synovial sarcoma cell line, HS-SY-II. Lab Invest. 1992; 67:
498-505.

30. Zheng Y, Zhou J, Tong Y. Gene signatures of drug
resistance predict patient survival in colorectal cancer.
Pharmacogenomics J. 2015; 15: 135-43.

21. Mandahl N, Heim S, Arheden K, Rydholm A, Willen
H, Mitelman F. Three major cytogenetic subgroups can
be identified among chromosomally abnormal solitary
lipomas. Human Genet. 1988; 79: 203-8.

31. Zhuang G, Brantley-Sieders DM, Vaught D, Yu J, Xie L,
Wells S, Jackson D, Muraoka-Cook R, Arteaga C, Chen
J. Elevation of receptor tyrosine kinase EphA2 mediates
resistance to trastuzumab therapy. Cancer Res. 2010; 70:
299-308.

22. Kazmierczak B, Bartnitzke S, Hartl M, Bullerdiek J. in vitro
transformation by the SV40 ‘early region’ of cells from a
human benign salivary gland tumor with a 12q13----q15
rearrangement. Cytogenet Cell Genet. 1990; 53: 37-9.

32. Cox NJ, Zimmerman EI, Dewar BJ, Duncan J, Whittle
M, Jin J, Frye SV, Johnson GL, Graves LM. Profiling the
kinome of drug resistant chronic myelogenous leukemia.
FASEB J. 2011; 25: 524.1.

23. Ishibe T, Nakayama T, Okamoto T, Aoyama T, Nishijo K,
Shibata KR, Shima Y, Nagayama S, Katagiri T, Nakamura
Y. Disruption of fibroblast growth factor signal pathway
inhibits the growth of synovial sarcomas: potential
application of signal inhibitors to molecular target therapy.
Clin Cancer Res. 2005; 11: 2702-12.

33. Kurimchak AM, Shelton C, Duncan KE, Johnson KJ,
Brown J, O’Brien S, Gabbasov R, Fink LS, Li Y, Lounsbury
N. Resistance to BET bromodomain inhibitors is mediated
by kinome reprogramming in ovarian cancer. Cell Rep.
2016; 16: 1273-86.

24. Sikkema AH, Diks SH, den Dunnen WF, ter Elst A,
Scherpen FJ, Hoving EW, Ruijtenbeek R, Boender PJ,
de Wijn R, Kamps WA, Peppelenbosch MP, de Bont
ES. Kinome profiling in pediatric brain tumors as a new
approach for target discovery. Cancer Res. 2009; 69:
5987-95.

www.impactjournals.com/oncotarget

34. Cooper MJ, Cox NJ, Zimmerman EI, Dewar BJ, Duncan JS,
Whittle MC, Nguyen TA, Jones LS, Roy SG, Smalley DM.
Application of multiplexed kinase inhibitor beads to study
kinome adaptations in drug-resistant leukemia. PLoS One.
2013; 8: e66755.

109595

Oncotarget

