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ABSTRACT
Gastric cancer (GC) remains the third leading cause of cancer-related death 

despite several improvements in targeted therapy. There is therefore an urgent 
need to investigate new treatment strategies, including the identification of novel 
biomarkers for patient stratification. In this study, we evaluated the effect of 
FDA-approved kinase inhibitors on GC. Through a combination of cell growth, 
migration and invasion assays, we identified dasatinib as an efficient inhibitor of 
GC proliferation. Mass-spectrometry-based selectivity profiling and subsequent 
knockdown experiments identified members of the SRC family of kinases including 
SRC, FRK, LYN and YES, as well as other kinases such as DDR1, ABL2, SIK2, 
RIPK2, EPHA2, and EPHB2 as dasatinib targets. The expression levels of the 
identified kinases were investigated on RNA and protein level in 200 classified 
tumor samples from patients, who had undergone gastrectomy, but had received 
no treatment. Levels of FRK, DDR1 and SRC expression on both mRNA and 
protein level were significantly higher in metastatic patient samples regardless 
of the tumor stage, while expression levels of SIK2 correlated with tumor size. 
Collectively, our data suggest dasatinib for treatment of GC based on its unique 
property, inhibiting a small number of key kinases (SRC, FRK, DDR1 and SIK2), 
highly expressed in GC patients.
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INTRODUCTION

Despite a decreased incidence rate during the past 
years, GC represents a major health problem, remaining 
the fifth most common type of cancer and the third leading 
cause of cancer-related death worldwide [1]. The standard 
treatment of localized or locally advanced GC currently 
consists of surgical resection and D2 lymphadenectomy 
in combination with adjuvant chemotherapies including 
fluoropyrimidines, anthracyclines, platinum agents, 
taxanes, and irinotecan [2]. However, the overall survival 
(OS) for patients with locally advanced and metastatic GC 
remains poor with a median OS of 8–11 months [3, 4] and 
only about 6 months after second-line therapy [5].

The emergence of targeted therapies has markedly 
improved treatment outcomes for different types of 
cancers, including GC [6]. Trastuzumab, a recombinant 
humanized monoclonal antibody against ERBB2/Her2, 
was the first targeted therapy approved for the treatment 
of GC in 2010. The incorporation of trastuzumab to 
standard chemotherapy improved median OS compared 
to chemotherapy alone [2, 7]. More recently, the VEGFR2 
inhibitor ramucirumab was approved by the FDA as 
a second line treatment alone or in combination with 
paclitaxel for patients with local relapsed or metastatic GC 
resulting in improvement on median OS [8, 9].

Kinase inhibitors are one of the most successful 
classes of small molecule modulators for the treatment 
of cancer with currently more than 50 kinase inhibitors 
being approved for treatment [10]. In particular, targeting 
members of the tyrosine kinase subfamily has proven to 
be a successful strategy [11]. Kinases are key signalling 
molecules and many of them do not only play crucial 
roles in cell proliferation, but have also been associated 
with metastasis and invasion of different types of cancer 
[11–13]. For example, overexpression of the receptor 
tyrosine kinase epidermal growth factor receptor (EGFR) 
has been implicated in metastatic colorectal and biliary 
tract cancers [14]. Overexpression of another receptor 
tyrosine kinase subfamily, the Ephrin receptor kinase 
family, has been linked to metastasis of a variety of 
tumors by mediating aberrant cell-cell communication 
[15, 16]. Similarly, signaling of the nonreceptor tyrosine 
kinase SRC is involved in tumor metastasis and invasion 
of for example bone metastasis derived from breast and 
prostate cancer [17]. Currently, the broad spectrum kinase 
inhibitor dasatinib, potently targeting SRC, in combination 
with zoledronic acid is under evaluation in phase1/2 for 
treatment of breast cancer with bone metastasis [18]. More 
recently, the receptor tyrosine kinase discoidin domain 
receptor-1 (DDR1) has emerged as an important player in 
the metastatic phenotype of gastric cancer [19, 20].

The efficacy of kinase inhibitors for many different 
types of cancers has prompted the investigation of 
these compounds also in GC [6, 21, 22]. However, so 
far most clinical trials (clinicaltrial.org NCT00215995, 

NCT00595985, NCT00725712) with for instance the dual 
MET/VEGFR2 inhibitor GSK1363089, the multi-target 
kinase inhibitor sunitinib and the Epidermal Growth 
Factor Receptor EGFR1 and EGFR2 inhibitor lapatinib, 
respectively, failed to show beneficial effects [23–25]. 
A notable exception is the Vascular Endothelial Growth 
Factor Receptor-2 (VEGFR2) kinase inhibitor, apatinib, 
which is the only small molecule investigational kinase 
inhibitor which has demonstrated significant benefit on 
median OS and progression free survival as a third line 
therapy for GC in recent clinical trials [26, 27].

The lack of novel small molecule inhibitors for 
targeted treatment of GC points to an urgent need in 
exploring new drugs and drug candidates to manage 
this tumor type. Herein, we describe the efficay of 
FDA-approved kinase inhibitors on the proliferation 
and migration of GC cells. Dasatinib was identified as 
a potent inhibitor of migration and invasion of gastric 
cancer cells. Moreover, kinome-wide analysis identified 
five kinase targets responsible for the invasion of GC 
cells and their expression pattern in GC clinical samples 
characterizes them as possible biomarker for GC screening 
and personalised therapy.

RESULTS

Profiling of clinical kinase inhibitors in gastric 
cancer cell lines

In order to identify new potential therapeutic 
approaches for the treatment of gastric cancer, an initial 
screening of 14 clinical kinase inhibitors was performed. 
The antiproliferative effect of these inhibitors was 
assessed using three diverse GC cell lines, representing 
diffuse type (ACP-02), intestinal type (ACP-03) and 
peritoneal carcinomatosis (AGP-01). Most inhibitors did 
not show significant antiproliferative effects on any of 
the tested GC lines after 72 h incubation. Only treatment 
with the pan-kinase inhibitor staurosporine or the tyrosine 
kinase inhibitor dasatinib resulted in inhibition of cell 
growth in all cell lines with an IC50 of <0.015 µM and 
1 µM, respectively (Table 1). AGP-01 and ACP-03 cells 
were cell lines more sensitive to dasatinib treatment than 
ACP-02. Hence, AGP-01, a cell-line derived from ascites 
of a patient representing peritoneal carcinomatosis, the 
most aggressive form of gastric cancer, was chosen for 
further investigation.

Dasatinib inhibits migration and invasion of 
gastric cancer cells by altering actin remodelling

Next, we explored, if treatment of GC cells with 
dasatinib would also influence cell migration and invasion. 
Treatment of AGP-01 cells with increasing concentrations 
of dasatinib significantly inhibited cell migration (Figure 
1A–1C) and invasion after 24 h (Figure 1D). Significant 
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effects on cell migration were already obvious after 4 h 
of exposure to dasatinib at all concentrations tested (P 
< 0.001). Interestingly, we also observed morphological 
changes of the gastric cancer cells exposed to different 
concentrations of dasatinib (100 nM, 500 nM, 1 μM) 
(Supplementary Figure 1A). Confocal imaging of these 
cells revealed a significant increase in cortical actin in 
the membrane region (Supplementary Figure 1B). We 
confirmed this observation by quantifying the amount 
of actin at the plasma membrane for individual cells 
(Supplementary Figure 1C–1D). This data suggests 
that the changes in the migration ability is linked to 
actin filaments dynamics. Taken together, the results 
demonstrate that dasatinib alters the metastatic phenotype 
of AGP-01 cells in a concentration-dependent manner.

Kinase profile of AGP-01 cells reveals new 
potential targets

Selectivity profiling of dasatinib was performed 
using two different types of affinity matrices containing 
either linkable dasatinib (Dasabeads) or a mixture of 
five immobilized broad-selectivity kinase inhibitors 
(Kinobeads γ) [28]. Dose-resolved competition 
experiments with dasatinib and subsequent quantitative 
mass spectrometric readout enabled the systematic 
determination of binding affinities of drug: protein 
interactions in native AGP-01 lysates (Supplementary 
Table 1 and Supplementary Figure 2A, 2B containing 
detailed information). Of the more than 200 protein kinases 

identified in the cell lysate, only 18 kinases presented 
apparent dissociation constants (Kd

app) of <100 nM (Figure 
2) with 10 kinases common to both experiments (Figure 
2). The comparison of both approaches highlighted 
kinases from the SRC family of kinases such as Rous 
Sarcoma oncogene (SRC) itself, Fyn Related Src family 
tyrosine Kinase (FRK), Lck/Yes-related novel protein 
tyrosine kinase (LYN) and Yamaguchi sarcoma oncogene 
(YES), as well as the receptor tyrosine kinase DDR1 and 
members of the Ephrin family (Ephrin Type-A Receptor 
2 (EPHA2) and Ephrin Type-B Receptor 2 (EPHB2)), as 
potential dasatinib targets in AGP-01 cells (Supplementary 
Figure 2A–2B). In addition, the tyrosine kinase Abelson 
Tyrosine-Protein Kinase 2 (ABL2), the serine/threonine 
kinases Salt Inducible Kinase 2 (SIK2) and Receptor 
Interacting Serine/Threonine Kinase 2 (RIPK2) were 
identified as high affinity binders of dasatinib in AGP-01 
cells.

SRC family members and DDR1 drive the 
migration and invasion phenotype in APG-01 
cells

In order to identify, which of the kinases that 
were most potently inhibited by dasatinib in AGP-01 
cells were responsible for its effect on invasion, we 
next validated the identified targets by knocking down 
the individual kinases using shRNAs and performing 
transwell assays. Of ten silenced kinases investigated, the 
most relevant kinases responsible for cell invasion were 

Table 1: Antiproliferative effects of FDA approved kinase inhibitors on 2D gastric cancer cell lines
IC50 μmol/L (± SD)

Compounds AGP-01 ACP-02 ACP-03
Pimecrolimus >20 >20 >20

PX-866 >20 >20 >20
Tivozanib >20 >20 >20
Sunitinib 1.53 (± 0.74) 2.66 (± 0.68) 1.97 (± 0.73)
Axitinib >20 >20 >20

Vemurafenib >20 >20 >20
Everolimus >20 >20 >20
Saracatinib 2.38 (± 0.75) 5.94 (± 0.72) 2.80 (± 0.88)
Ruxolitinib >20 >20 >20
Gefitinib >20 >20 >20

Pazopanib >20 >20 >20
Dasatinib 0.35 (± 0.80) 1.02 (± 0.78) 0.36 (± 0.86)

Vandetanib >20 >20 >20
Staurosporin 6.13 × 10-6 (± 0.017) 0.04 (± 0.81) 0.01 (± 0.43)

IC50 values were calculated using non-linear regression analysis from two independent experiments in triplicate. Staurosporine 
was used as the positive control. The drug with the most potent proliferation inhibition is highlighted. Numbers in brackets 
indicate the range of observed IC50 values. IC50 = concentration in μM that results in 50% inhibition of cell growth.
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DDR1, SIK2 and the SRC kinases SRC, LYN and FRK, 
whose knockdown significantly blocked the cell invasion 
capacity of AGP-01 cells compared to non-silenced 
cells or to cells treated with control shRNA (Figure 3). 
Unexpectedly, knockdown of EPHA2 or EPHB2, both 

receptor tyrosine kinases linked to invasion of different 
types of cancer, had no effect on the metastatic ability of 
GC cells AGP-01. Similarly, knocking down of ABL2, 
RIPK2 or the SRC family kinase YES1 had no effect on 
the invasion capability of AGP-01 cells.

Figure 1: Inhibition of cell invasion and migration of AGP-01 cells by dasatinib. (A) Wound healing migration assay of cells 
exposed to dasatinib in concentration-dependent manner using an IncuCyte® life cell imager after 24 h of treatment. (B) Wound density 
measured in a migration assay of GC cells in concentration- and time-dependent. (C) Representative images used for migration assay of 
AGP-01 cells exposed to dasatinib or DMSO at different time points. (D) Quantification of invasion inhibition of AGP-01 cells exposed to 
dasatinib at different concentrations for 8 h and representative images of the invasion assay. AGP-01 cells were stained with Hoechst 33342 
after treatment. Quantitative data of invasion and migration are represented as mean ± SD of three independent experiments. ***P < 0.0001, 
significant difference between control and treatment groups by analysis of variance and Tukey posttest.
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Correlation between patient tumor samples and 
dasatinib targets

In order to assess if the identified kinases in the 
invasion assay correlate with expression levels in tumors 
from GC patients, mRNA and protein expression levels 
for FRK, DDR1, SIK2 and SRC were assessed in tumor 
samples from GC patients. We analysed 200 tumor 
samples from patients who had undergone gastrectomy, 
but had no chemotherapy or radiotherapy treatment prior 
to surgery. All samples were assessed for expression of 
FRK, DDR1 and SIK2, and wherever possible depending 
on the material available, also for SRC and LYN. The 
samples were classified according to tumor stage (T1-
T4) and the presence (M1) or absence (M0) of metastatic 
tissue (Supplementary Table 2 and Figure 4A). In line 
with our findings in the metastatic cell line AGP-01, the 
median expression levels of both mRNA (measured by 
qPCR) and protein (assessed by Western blot) of FRK 
and DDR1 were higher in metastatic patient samples 
regardless of the tumor stage (P < 0.0001 Mann-Whitney 
U test) (Figure 4B–4C). This was also true for SRC and 
LYN (Figure 4D and Supplementary Figure 3), although 
less patient samples were tested due to limited availability 
of cancer tissue (Supplementary Figure 3). However, for 
SIK2, no clear correlation between mRNA and protein 
expression at later metastatic stages was seen (Figure 
4E and Supplementary Figure 4). It is worth noting that 
larger tumors of stages T3M1, T4M0 and T4M1 had 
higher expression levels of SIK2 compared to early 

stages on both mRNA and protein level (Figure 4E, P < 
0.001, Kruskal-Wallis test and Supplementary Figure 4). 
However, the statistically significant differences between 
T3M1 and T4M1 were only apparent at protein expression 
levels (P < 0.05) (Supplementary Figure 4). Thus, our 
results showed a statistically significant increase of SIK2 
mRNA and protein expression in advanced stages of 
gastric tumours compared to lower grade tumors.

Since we observed a strong correlation between 
the mRNA expression and protein levels of the different 
kinase targets in metastatic gastric samples (M1 stage), 
we performed the Spearman correlation test. There was a 
strong correlation between mRNA and protein expression 
for SRC (spearman r = 0.8967, P < 0.0001), SIK2 
(spearman r = 0.9220, P < 0.0001), FRK (spearman r = 
0.8592, P < 0.0001) and DDR1 (spearman r = 0.9502, P 
< 0.0001) suggesting that the identification of any one of 
these biomarkers could be performed on RNA or protein 
level, respectively (Supplementary Figure 5).

DISCUSSION

In this study, we identified dasatinib as an efficient 
anti-proliferative inhibitor of GC cell growth, migration 
and invasion. Proteome wide analysis of dasatinib kinase 
targets in cells identified 10 high-affinity kinase targets 
(ABL2, DDR1, EPHB2, FRK, LYN, RIPK, SRC, SIK2, 
YES1 and EPHA2), in agreement with previous findings 
in other cancer types [29]. We further demonstrated by 
genetic knock down that five kinases (SRC, SIK2, LYN, 

Figure 2: (A) Radarplot showing the kinome profile of GC AGP-01 cells using Kinobeads or Dasabeads, respectively. Kinases found to 
be potently bound in both types of experiments. Each spike is a protein target, and the length of the spike is indicative of apparent binding 
affinity depicted as pKD

app. Kinase subfamilies are indicated around the circle. (B) Selectivity profiling of dasatinib using Dasabeads (d) or 
Kinobeads (k). Shown are the 22 most potently bound kinases.
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FRK and DDR1) inhibited by dasatinib contribute to 
invasiveness of GC cells. In order to assess the relevance 
of these five kinases in gastric cancer tumors, we analysed 
the mRNA and protein levels in 200 biopsies from gastric 
cancer patients, revealing that transcript and protein 
levels of FRK, DDR1, SRC were elevated in metastatic 
tissues regardless of tumor stage. Contrary, transcript and 
protein levels of SIK2 correlated with tumor size, but not 
metastasis of GC. Thus, each of these individual targets 
could serve as diagnostic marker of metastasis, with SIK2 
being a novel marker for tumor development.

Dasatinib, one of the most clinically investigated 
tyrosine kinase inhibitors, has been approved by the 
FDA for the first-line treatment of CML and it has been 
evaluated in additional cancer types such as advanced 
prostate and breast cancers [30, 31]. Originally developed 
as a dual BCR-ABL and SRC inhibitor, nearly 40 
additional kinases have been identified as dasatinib targets 
operating at pivotal signalling nodes, including many 
SRC family kinases [29]. In a recent study, we identified 
72 targets for dasatinib, of which 48 were targeted at 
submicromolar concentrations [32]. Our proliferation data 
already suggested that ABL was not a prominent target in 
GC cell lines as no proliferation inhibition was observed 
using the ABL inhibitors imatinib or nilotinib. On the 
other hand, the SRC family inhibitor saracatinib also did 
not show significant antiproliferativ effects, suggesting that 
SRC family members may only be involved in the invasion 
as opposed to proliferation of GC cells. Alternatively, the 
observed effect on invasion of GC cells in knockdown 
experiments could be at least partially attributed to roles of 
scaffolding functions of these kinases.

Preclinical and clinical studies have shown that 
dasatinib exerts various effects on cell proliferation, 
consistently inhibits cell adhesion, migration and 
invasion but infrequently induces apoptosis, thus acting 
as a cytostatic rather than cytotoxic agent [30]. Studies in 
non small cell lung cancer, NSCLC, and prostate cancer 
cell lines have revealed that dasatinib can inhibit cell 
migration and invasion by preventing SRC from relaying 
downstream signals to proteins such as focal adhesion 
kinase (FAK), paxillin and p130Cas, which mediate 
adhesion, and MAPK and p27, implicated in cell cycle 
regulation [33, 34]. Here, we extend this observation to 
gastric cells and show that dasatinib significantly increases 
actin accumulation in cell cortex which also implicate 
increased cell-cell adhesion [35].

Few studies have assessed the potential application 
of dasatinib in GC. A recent study showed the effect 
of dasatinib on proliferation of GC cells, promoting 
tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL)-mediated apoptosis via upregulation of CCAAT/
enhancer-binding protein homologous protein (CHOP) 
-dependent expression of death receptor 5 [36]. While 
the study investigates the downstream targets involved 
in dasatinib-mediated apoptosis it does not identify the 
direct molecular targets inhibited by dasatinib. A previous 
report identified the dasatinib target discoidin-domain 
receptor 2 (DDR2) as a potential regulator of peritoneal 
dissemination, the most frequent and deadly form of 
metastasis in GC [37]. The therapeutic effects of dasatinib 
on peritoneal dissemination have been demonstrated in a 
xenograft mouse model suppressing peritoneal metastasis 
of GC both after oral and intraperitoneal administration. 

Figure 3: Inhibition of cell invasion 8 h after silencing target gene expression of kinases highlighted in the Kinobeads 
assay. Cell invasion was carried out with shCtrl cells (nonsilencing cells) and specific shRNA for the selected targets. The number of 
invading cells were counted automatically. Results are expressed as mean ± SD of three independent experiments after normalization by 
comparison with shCrtl. Significant differences: P < 0.001; P < 0.0001, significant difference between control and silenced cells by analysis 
of variance and Tukey posttest.
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Together with our data these studies suggest dasatinib as a 
potential therapeutic avenue for the treatment of GC.

Upregulation of the transmembrane receptor 
tyrosine kinases DDR1, a close relative of DDR2, has 
been linked to poor prognosis in GC patients [38]. Xie et 
al. established a correlation between DDR1 upregulation 
and metastasis via the epithelial-mesenchymal transition 
in GC, demonstrating that DDR1 can enhance GC 
proliferation, invasion and micro vessel formation in a 
mouse model [39]. We did not identify DDR2, a close 
relative of DDR1 in our analysis as target for dasatinib. 
DDR2 has been identified in Singaporean and Japanese 
cohorts as being regulating metastasis. The present 
metatstatic cell line has been isolated from a Brazilian 
patient and shows different molecular make-up compared 
to several Asian GC cell lines [40]. It is thus possible that 
a diverse genetic and/or epigenetic make up of this cell 
line from a different ethnic origin may result in different 
expression pattern in GC.

Our results further corroborate previous findings 
from our group, reporting an association between SRC and 
GC invasiveness. The non-receptor tyrosine kinase SRC is 
one of the best studied kinases in solid cancers including 
GC [41]. Many human hematologic and epithelial 
malignancies harbor increased SRC activity, indicating 
its close association with oncogenesis [42]. SRC is 
implicated in cellular adhesion, invasion, proliferation and 
mutagenesis as well as the regulation of angiogenesis and 
bone remodelling leading to metastasis [41, 43], which 
together represent four of the six hallmarks of cancer as 

defined by Hanahan and Weinberg [44]. SRC can mediate 
a potential cross-talk between CXCR4 and EGFR and 
utilize the EGFR/AKT/ERK axis to promote cellular 
migration in GC [45]. Further, SRC upregulation was 
shown to mediate EGFR activation in GC cells through the 
RANKL/RANK pathway, thus abrogating sensitivity to 
the EGFR inhibitor cetuximab. These findings highlight an 
association between SRC overexpression and resistance to 
anti-EGFR therapies in GC, suggesting that combination 
treatment using anti-EGFR agents and SRC inhibitors such 
as dasatinib might be a promising therapeutic strategy in 
treatment-refractory GC patients.

The role of FRK and SIK2 in GC development 
remains unexplored in current literature. FRK belongs 
to the family of BRK family kinases (BFK), which is 
related to the SRC family kinases [46], but its functions 
remain largely unknown. FRK acts as an oncogene in 
hepatocellular carcinoma, contributing to enhanced 
proliferation and anchorage-dependent growth in liver 
cancer cells [46]. Studies in leukemia also indicate that 
an ETV6-FRK chimera could function as an oncogene 
contributing to leukemogenesis [47]. Additional research 
in GC is required to elucidate its downstream targets and 
functions as well as its role in metastasis.

SIK2 is a serine/threonine kinase belonging to the 
calcium calmodulin kinases (CAM) superfamily and the 
AMP-activated protein kinases (AMPK) subfamily and is 
overexpressed in many tumors [48]. SIK2 is implicated in 
a vast array of metabolic pathways such as the modulation 
of the insulin-signalling cascade of adipose tissue and 

Figure 4: Correlation between kinase expression levels and tumor stage in patient samples. (A) Heatmap of expression 
levesl of different kinases in patient samples on mRNA level (m) or protein level (p). Samples were sorted according to tumor size (T1–T4) 
and metastatic stage (M0–M1). (B–D) Statistical analysis of mRNA and protein levels for each of the kinases FRK, DDR1, SRC and SIK2 
was carried out using Mann-Whitney U test. Significant differences: P < 0.0001. (E) Analysis of SIK2 mRNA and protein expression, 
respectively in relationship to different tumor size (T2 or T4) and metastatic stage (M0 or M1).
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hormonal signal transduction in adipocytes, cell-cycle 
progression and energy balance [49]. It is reactivated in 
refeeding from starvation and regulates homeostasis to 
enable adaptation to metabolic stresses by modulating 
CREB1-mediated gene transcription [50]. Interestingly, 
SIK2 is highly expressed in metastatic deposits in ovarian 
cancer but not in ovarian primary lesions promoting 
abdominal metastasis while SIK2 depletion was shown 
to prevent metastasis in vivo [51]. SIK2 also functions as 
a centrosome kinase that regulates centrosome splitting 
during mitosis in ovarian cancer cells, indicating that its 
depletion could inhibit cancer growth by targeting multiple 
phases of the cell-cycle such as G1 arrest [52]. In immune 
cells, SIK2 has been shown to regulate proinflammatory 
cytokines, while upregulating the anti-inflammatory 
cytokine IL-10. Targeting SIK2 may therefore also have a 
positive effect on local inflammation frequently associated 
with tumors [32, 53].

Our findings thus warrant further validation in the 
in vivo setting, which, if successful, could lead to clinical 
trials in gastric cancer patients. The cytotoxic effect of 
dasatinib, initially approved as an anti-leukemic agent in 
GC is intriguing as recent research suggests that gastric 
malignancies could arise from leukemia stem cells [54, 
55]. For instance, strong preclinical and clinical evidence 
supports the existence of gastric cancer stem cells (gCSC) 
within the tumor and is emerging as a clinically relevant 
prognostic biomarker and in the management of GC 
[54, 55]. CSCs have been shown to be more resistant 
to treatment than more differentiated cancer cells, and, 
therefore, may lead to cancer recurrence after treatment 
[54, 56]. CSCs can be defined as small subpopulations 
of cells within a tumor that possess the capacity for 
self- renewal, are enhanced by chemotherapy and can 
generate heterogeneous lineages of cancer cells that can 
be enriched in the residual tumor [57]. The existence 
of gCSCs was demonstrated in human GCs based on 
tumorigenic functional assays demonstrating their ability 
to initiate tumors in vitro and in vivo [54, 58]. However, 
although dasatinib some years ago has been considered 
a promising agent for solid tumors [59], recent studies 
concentrate more on the use of dasatinib in combination 
with other agents (clinicaltrial.org), potentially due to the 
high doses required for the treatment of solid tumors with 
this broad-spectrum kinase inhibitor. Further studies will 
be necessary to establish the usefulness of dasatinib for 
GC and other solid tumors in a clinical setting.

In summary, our findings demonstrate that dasatinib 
could represent a potential targeted therapy for GC and 
provides mechanistic insight regarding the kinases 
FRK, DDR1, SRC and SIK2 targeted by this inhibitor. 
Moreover, this work is the first to elucidate the kinase 
targets of dasatinib in GC (SRC, ABL2, DDR1, EPHB2, 
FRK, LYN, RIPK, SRC, SIK2, YES1 and EPHA2). It is 
also the first to describe the involvement of FRK and SIK2 
in GC invasiveness and to validate them through tissue 

studies as potential biomarkers of GC aggressiveness that 
can identify metastatic patients.

MATERIALS AND METHODS

Cell lines and cell culture

Our group established and cytogenetically 
characterized three new GC cell lines obtained from 
primary gastric adenocarcinoma (ACP-02, diffuse type 
and ACP-03, intestinal type) and peritoneal carcinomatosis 
(AGP-01, ascitic fluid) from a patient with a primary 
gastric tumor (Intestinal-type adenocarcinoma), each of 
which exhibited a composite karyotype with several clonal 
chromosome alterations similar to the primary tumor from 
the stomach as described previously [40].

All cell lines were cultured in Dulbecco’s Modified 
Eagle Medium, high Glucose (4.5 g/L), with Sodium 
Pyruvate and L-glutamin] (DMEM, Lonza, UK), 
containing 10% foetal bovine serum (FBS) (Invitrogen, 
USA), 1% antibiotic with 100 IU/ml Penicillin and 100 ug/
ml Streptomycin (Invitrogen, USA). The culture medium 
was changed 2 to 3 times a week and cells were passaged 
using trypsin/EDTA (Invitrogen, USA).

Tumor samples

Biomarker validations were performed on 
approximately 200 GC tissue samples obtained from 
patients who underwent gastrectomy in Northern Brazil. 
This study was approved by the ethics committee of 
João de Barros Barreto University Hospital (Protocol 
#316737). Written informed consent with approval of 
the ethics committee was obtained from all patients 
prior to specimen collection. All of the patients had 
negative histories of exposure to either chemotherapy 
or radiotherapy prior to surgery, and there was no co-
occurrence of other diagnosed cancers. Each of the tumor 
tissue specimens were snap-frozen in liquid nitrogen and 
stored at –80°C until protein and nucleic acid purification. 
All of the samples were classified according to Laurén 
[60], and the tumors were staged according to the TNM 
staging criteria.

Growth inhibition assay

All clinical kinase inhibitors (KI) (20–0.156 μM) 
were diluted in pure DMSO to obtain a stock solution of 
50 mmol/L and stored at –20°C in aliquots. Resarzurin 
was used for growth inhibition assays. Briefly, cells 
(300/well) were plated in 384-well flat-bottomed plates 
and cultured for 24 h. Cells were exposed to serially 
diluted KI in DMEM with 1% FBS, for an additional 
72 h. After the incubation time, resarzurin (10 ng/
ml) was added for 2 h at 37°C before measurement of 
fluorescence at 579Ex/584Em on an Envision microplate 
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spectrophotometer (PerkinElmer) and the concentration 
of KI resulting in 50% growth inhibition (IC50) was 
calculated for each cell line in GraphPad Prism 5.0. All 
the following in vitro experiments were performed on 
metastatic AGP-01 cells. For further validation of the 
biomarkers found in in vitro studies, expression analysis 
were performed on patient tumor samples from all GC 
histological types.

Morphological analysis

In order to analyse the morphological changes, 
cells treated with dasatinib (1 μM, 500 nM and 100 nM) 
for 24 h were fixed in methanol (100%) and panoptic 
staining (Diff-Quik, Baxter Healthcare Co., Miami, Fla.) 
was performed. Cells were analyzed for morphological 
changes by optical microscope at 20 ×.

Microfilament analysis

Cells exposed to dasatinib (1 μM, 500 nM and 100 
nM) for 24 h were fixed in 4% PFA in PBS (20 min, RT), 
permeabilised with 0.5% Triton X-100 in PBS (20 min, RT) 
and blocked with 3% BSA. Between each step described 
above, cells were washed three times with PBS for 5 min 
at 37°C. Cortical actin was stained with 5 μg/mL Alexa 
488-Phalloidin (Invitrogen; 1:200, 30 min, RT) and nuclei 
were stained with DAPI dye (Invitrogen; 100 ng/µl in 
PBS, 5 min, RT). Images were capture by a laser confocal 
microscope at 40× (Zeiss, Germany). Image analysis of 
actin fibers was performed using Acapella (Perkin Elmer). 
Nuclei were automatically segmented using DAPI channel. 
Cells were segmented using both DAPI and Actin channels. 
Dense actin was defined by thresholding to find pixels that 
were much brighter than their surrounding in the membrane 
region. The area of dense actin in the membrane region was 
calculated and normalized to the cell area. Similarly the 
actin intensity in the membrane region was measured and 
normalized to the cell area.

Cell migration and invasion assay

Cell migration assays were performed using an 
IncuCyte® life-cell analysis system (Essen Bioscience, 
USA). Briefly, 1.5–3.5 × 105 AGP-01 cells per well were 
plated in 96-well flat-bottomed ImageLock plates (Essen 
Bioscience, USA) and cultured for 24 h. Subsequently, a 
scratch was made using a WoundMaker™ Tool (Essen 
Bioscience, USA), cells were washed with PBS and 
subsequently exposed to dasatinib (1 μM, 500 nM and 100 
nM or as indicated) in DMEM supplemented with 10% 
FBS and PenStrep. Images were captured every 2 h for 
48 h and evaluated using the InCucyte® software where 
the wound width was calculated and expressed as percent 
relative to the control (0.1% DMSO). Cell invasion was 
assessed by using the cell invasion assay. A 24-well tissue 

culture plate (Corning) with cell culture inserts which 
contained an 8 μm pore size polycarbonate membrane was 
used. Cells (2.5 × 105 cells/mL) were starved overnight (24 
h) and then treated with dasatinib (1 μM, 500 nM and 100 
nM) for 16 h at 37°C in a humidified incubator containing 
5% CO2. Following this, AGP-01 cells (1,5 × 104 cells/
well) were plated into extra cellular matrix (ECM) 
coated inserts (Corning) in serum free DMEM containing 
Dasatinib (1 μM, 500 nM and 100 nM), and DMEM with 
10% FBS was placed in the 24-well bottom plate as chemo 
attractant. After 8 h incubation, cells were removed from 
the inner surface of the insert using a cotton-tipped swab. 
Cells that had migrated through the ECM layer and clung 
to the bottom of the polycarbonate membrane were fixed 
and stained with Hoechst 33342 (1 µM). The number of 
migrating cells per insert was captured by the Operetta 
System (Perkin Elmer) and counted automatically.

Compound synthesis

All compounds included in Kinobeads γ (KBγ) 
were synthesized according to the procedures described 
by Médard et al. [28] Linkable dasatinib was synthesized 
according to the procedures described in patent 
WO2013055780A1 by Johnson et al. [61].

Generation of affinity matrices

Compounds were immobilized on sepharose beads 
through covalent linkage using their primary amino 
groups [62]. NHS-activated sepharose (GE Health-care, 
Freiburg, Germany) and the compounds were equilibrated 
in DMSO. Coupling densities of compounds included in 
KBγ were adjusted as previously described [28], linkable 
dasatinib was adjusted to a coupling density of 2 μmol per 
ml beads. Fifteen microliters of triethylamine was added to 
1 ml beads to start the coupling reaction, and the mixture 
was incubated on an end-over-end shaker for 16–20 h in 
the dark. Free NHS groups on beads were blocked by 
adding 50 μl of amino ethanol and incubating on an end-
over-end shaker for 16–20 h in the dark. Coupled beads 
were washed and stored in ethanol at 4°C in the dark. The 
coupling reaction was monitored by LC-MS.

Generation of cell lysates for affinity enrichment

Lysates were prepared essentially as described [32]. 
Briefly, cells were lysed in lysis buffer containing 50 mM 
Tris/HCl, pH 7.5, 5% glycerol, 1.5 mM MgCl2, 150 mM 
NaCl, 1 mM Na3VO4, 0.8% NP40, 25 mM NaF, 1 mM 
DTT including protease inhibitors (SigmaFast, Sigma 
Aldrich, Munich, Germany) and phosphatase inhibitors. 
The lysate was ultracentrifuged for 20 min at 4°C and 
145,000 ×g and the protein concentration was adjusted to 
3 mg/mL using 1× compound pull down (CP) buffer (50 
mM Tris/HCl, pH 7.5, 5% glycerol, 1.5 mM MgCl2, 150 
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mM NaCl, 20 mM NaF, 1 mM sodium ortho-vanadate, 1 
mM DTT), protease inhibitor (SigmaFast, Sigma Aldrich, 
Munich, Germany) and phosphatase inhibitors.

Protein enrichment using affinity matrices

For selectivity profiling experiments in 96-well filter 
plates, the cell lysates (3 mg of total proteins/well) were 
incubated for 45 min at 4°C in a end-over-end shaker with 
0 nM (DMSO control), 3 nM, 10 nM, 30 nM, 100 nM, 300 
nM, 1 μM, 3 μM, or 30 μM of the kinase inhibitor dissolved 
in DMSO [28, 32]. KBγ (35 μL settled beads resuspended 
with 50% glycerol, washed with 1× CP buffer and 
equilibrated with CP buffer containing 0.4% NP40) were 
incubated with the lysates at 4°C for 30 min. The DMSO 
control lysate was recovered and incubated similarly with 
KBγ as a pull down of pull down experiment in order to 
calculate the protein depletion factor [28, 32, 63]. The 
beads were then washed (3 mL of CP buffer containing 
0.4% NP40, followed by 2 mL of CP buffer containing 
0.2% NP40) and the bound proteins subsequently eluted by 
incubation for 30 min at 50°C with 40 μL of 2× NuPAGE 
LDS sample buffer (Invitrogen, Darmstadt, Germany) 
containing 50 mM DTT and centrifugation. The reduced 
eluates were alkylated with 55 mM chloroacetamide, and 
half of the eluate was desalted and concentrated by a short 
electrophoresis (about 0.5 cm) on a 4–12% NuPAGE 
gel (Invitrogen). In-gel trypsin digestion was performed 
according to standard procedures.

LC-MS/MS analysis

The optimized conditions for the liquid 
chromatography tandem mass spectrometry measurements 
feature an Eksigent nanoLC-Ultra 1D+ (Eksigent, Dublin, 
CA) coupled to an Orbitrap Elite instrument (Thermo 
Scientific, Bremen, Germany). One half of the digested 
peptides was delivered to a trap column (75 μm × 2 cm, 
packed in-house with 5 μm C18 resin; Reprosil PUR AQ, Dr. 
Maisch, Ammerbruch-Entringen, Germany) at a flow rate of 
5 μL/min in 100% solvent A (0.1% formic acid, FA, in HPLC 
grade water). After 10 min of loading and washing, peptides 
were transferred to an analytical column (75 μm × 45 cm, 
packed in-house with 3 μm C18 resin; Reprosil Gold, Dr. 
Maisch, Ammerbruch-Entringen, Germany) and separated at 
a flow rate of 300 nL/min using a 90 min gradient ranging 
from 4% to 32% solvent C in B (solvent B: 0.1% FA and 
5% DMSO in HPLC grade water, solvent C: 0.1% FA and 
5% DMSO in acetonitrile). The eluent was sprayed via 
stainless steel emitters (Thermo) at a spray voltage of 2.2 kV 
and a heated capillary temperature of 275°C. The Orbitrap 
Elite instrument was operated in data-dependent mode, 
automatically switching between MS and MS2. Full scan 
MS spectra (m/z 360–1300) were acquired in the Orbitrap at 
30 000 (m/z 400) resolution using an automatic gain control 
(AGC) target value of 1e6 charges or maximum injection 

time of 100 ms. Tandem mass spectra of up to 15 precursors 
were generated in the multipole collision cell by using higher 
energy collisional dissociation (HCD; isolation width of 2 Th, 
maximum injection time of 100 ms, AGC value of 2e5) using 
30% normalized collision energy (NCE) and analyzed in the 
Orbitrap (15,000 resolution). A previous experimentally-
obtained inclusion list containing approximately 1,000 kinase 
peptide m/z and retention time values was enabled in the data 
acquisition regime. Dynamic exclusion was 20 s and singly-
charged precursors were excluded [32].

Peptide and protein identification and 
quantification

Peptide and protein identification plus quantification 
were performed [32] with MaxQuant [64] (version 
1.4.0.5.) by searching the MS2 data against all canonical 
protein sequences as annotated in the UniProt reference 
database (human proteins only, 88,391 entries, downloaded 
22.07.2013, internally annotated with PFAM domains) 
using the embedded search engine Andromeda [65]. 
Carbamidomethylated cysteine was a fixed modification; 
and phosphorylation of serine, threonine, and tyrosine, 
oxidation of methionine, and Nterminal protein acetylation 
were variable modifications. Trypsin/P was specified as 
the proteolytic enzyme and up to two missed cleavage 
sites were allowed. Precursor and fragment ion tolerances 
were 10 ppm and 20 ppm, respectively. Label-free 
quantification [66] and data matching between runs were 
enabled within MaxQuant.

Search results were filtered for a minimum peptide 
length of seven amino acids, 1% peptide and protein FDR 
plus common contaminants and reverse identifications. 
Each profile was analyzed separately.

Data analysis

For the kinobeads competition binding assays, 
protein intensities were normalized to the respective 
DMSO control and IC50 and EC50 values were deduced 
by a four-parameter log-logistic regression using an 
internal pipeline that utilizes the ‘drc’ package in R [32, 
67]. An apparent dissociation constant Kd

app was calculated 
by multiplying the estimated EC50 with a protein-
dependent correction factor (depletion factor) that was 
limited to a maximum value of 1. The correction factor 
(cf) for a protein is defined as the ratio of the amount of 
protein captured from two consecutive pulldowns of the 
same DMSO control lysate [28, 32, 63].

Data deposition

Mass spectrometry data have been deposited at the 
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository 
with the dataset identifier PXD012953.

http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
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Small hairpin RNA (shRNA) lentiviral vector

ShRNAs (Supplementary Table 3) lentiviral 
particles were produced in a 96 well format system using 
the protocol described [68]. Briefly, on Day 1, 17000 
HEK293T cells were seeded in 96 well format plate to 
reach 40% confluency in 100 uL complete DMEM media 
containing 10%FBS, 1% L-Glutamine. On Day 2, media 
was replaced with 80 uL of complete media 1 hour prior 
transfection. The following DNA mix containing 53 ng 
of DECODE shRNA plasmid, 23.5 ng of psPAX2 and 
9.6 ng of pMD2. G was produced and diluted in to a 
final volume of 10 uL of jetPRIME Buffer (Polyplus®). 
Concomitantly, the transfection mix containing 0,26 
uL of jetPRIME was diluted in to 9.74 uL of jetPRIME 
Buffer, mixed to the DNA mix and incubated for 15 
minutes at room temperature. The DNA-transfection 
reagent mix was added to the 96 well format plate. 18 
hours post transfection, media was replaced and the plate 
was incubated for 48 hours. After 48 hours, the plate 
was centriguged for 5 minutes at 300xg to ensure cell 
debris are removed from supernatant before supernatants 
collection.

Protein and mRNA purification

Total protein and mRNA were simultaneously 
isolated from gastric tissue samples using the AllPrep 
DNA/RNA/Protein Kit (Qiagen, Germany) according to 
the manufacturer’s instructions. The protein pellet was 
dissolved in a buffer containing 7 M urea, 2 M thiourea, 
4% CHAPS, 50 mM DTT, 1% Protease Inhibitor Cocktail 
(Sigma-Aldrich, USA), and 0.5% each Phosphatase 
Inhibitor Cocktail 1 and 2 (Sigma-Aldrich, USA), as 
previously described [69]. Protein concentrations were 
determined by the Bradford method (Sigma-Aldrich, 
USA). RNA concentration and quality were determined 
using a NanoDrop spectrophotometer (Kisker, Germany) 
and 1% agarose gels, respectively. Samples were stored at 
–80°C until use.

Protein expression analysis

Protein (25 μg) from each sample was separated by 
12.5% homogeneous SDS-PAGE and electro-blotted onto 
a PVDF membrane (Hybond-P, GE Healthcare, USA) for 
expression. detection. The PVDF membrane was blocked 
with phosphate-buffered saline containing 0.1% Tween 
20, and 5% low fat milk and incubated overnight at 4°C 
with the corresponding primary antibodies: anti-SRC 
(dilution 1:1000; clone 28, Life Technologies, USA), anti-
LYN (dilution 1:1000; clone C13F9; Life Technologies, 
USA), anti-FRK (dilution 1:400; HPA001254, Santa Cruz 
Biotechnology, USA), anti-DDR1 (dilution 1:500), anti-
SIK2 (dilution 1:500) and anti-ACTB (dilution 1:250; Ac-
15, Life Technologies, USA). After several washing steps 
with TBS, a peroxidase-conjugated secondary antibody 

was added for 1 h at room temperature. Immunoreactive 
bands were visualized using the Western blotting Luminol 
reagent, and images were acquired using an ImageQuant 
350 digital image system (GE Healthcare, Sweden). 
ACTB was used as a loading control.

mRNA expression analysis

RNA was reverse-transcribed using the 
High-Capacity cDNA Archive kit according to the 
manufacturer’s instructions (Life Technologies, USA). 
Complementary DNA was then amplified by real-time 
reverse transcription quantitative PCR (RT-qPCR) 
using TaqMan probes purchased as Assays-on-demand 
Products for Gene Expression (Life Technologies, USA) 
and amplified in a 7500 Fast Real-Time PCR instrument 
(Life Technologies, USA). All qPCR reactions were 
performed in triplicates. Ct (threshold cycle number) 
and expression values with standard deviations were 
calculated. The GAPDH gene was selected as an internal 
control for RNA input and reverse-transcription efficiency. 
All RT-qPCRs were performed in triplicate for the target 
genes (SRC: Hs01082246_m1; LYN: Hs00176719_m1; 
FRK: Hs01547786_g1; DDR1: Hs01058424_g1; SIK2: 
Hs01568566_m1) and the internal control (GAPDH: 
NM_002046.3).

The relative quantification of gene expression 
was calculated according to Livak and Schmittgen [70]. 
The corresponding control sample was designated as a 
calibrator from each tumor.

Statistical analysis

All experiments were repeated at least 3 times. 
Data are reported as means ± Standard Deviation (SD). 
Correlation coefficients (r) were calculated using the 
Pearson product–moment correlation, and statistical 
significance (p-value) was analysed using F test, T test or 
the corresponding nonparametric tests. The expression level 
of protein measured by western blot was analyzed by ImageJ 
software; p-values were calculated using Students t-test.
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