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1. Introduction 

A key feature of cancer, at the molecular level, is activation of oncogenes (Hanahan et al. 

2000). Tyrosine kinases represent typical proto-oncogenes that are often aberrantly 

activated in various types of cancer and causally implicated in proliferation and survival of 

malignant cells, thereby contributing to the malignant phenotype (Futreal et al. 2004). 

Consequently, tyrosine kinases have long been recognized as potentially important targets 

for cancer therapeutics (Zhang et al. 2009). The revolutionary success of the tyrosine 

kinase inhibitor (TKI) imatinib in the treatment of chronic myeloid leukemia (CML) set 

the stage for the era of targeted therapy with TKIs (Druker et al. 2001) and led to enormous 

efforts to translate this approach to other malignancies, where tyrosine kinases were 

identified as promising targets (Baselga 2006). So far, considerable improvements have 

been achieved in the treatment of selected tyrosine kinase-driven cancers, e.g. c-KIT 

mutated gastrointestinal stromal tumor (GIST) (Demetri et al. 2002), EGFR mutated non-

small cell lung cancer (Shepherd et al. 2005), and BRAF mutated melanoma (Chapman et 

al. 2011).  

 

Another promising candidate for TKI therapy is c-KIT mutated acute myeloid leukemia 

with t(8;21) (Ferrara 2012). Acute myeloid leukemia (AML) is a heterogeneous 

hematopoietic malignancy with respect to presentation, response to treatment, and clinical 

outcome (Estey et al. 2006). Specific chromosome abnormalities and molecular genetic 

changes have been identified as prognostic markers and led to risk-adapted stratification 

based upon cytogenetic abnormalities, which is reflected in the current WHO classification 

that categorizes patients into specific cytogenetic risk subgroups (Campo et al. 2011). The 

t(8;21) abnormality characterizes such a defined subset of AML that is generally 

considered to have a favorable prognosis with up to 88% of patients achieving complete 

remission after induction chemotherapy; however, relapse rates may reach 40% and 5-year 

overall survival is only 31% (Reikvam et al. 2011). This variability in treatment outcome 

illustrates the interest in identification of further recurrent lesions that potentially 

contribute to response to treatment and could serve as molecular markers to optimize 

therapy and clinical outcome (Kulasingam et al. 2008, Dohner 2007, Marcucci et al. 2011). 

Mutations in KIT, the gene that encodes the receptor tyrosine kinase (RTK) c-KIT, have 

been identified as such a prognostic factor (Schlenk et al. 2008). While the overall 
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frequency of c-KIT mutations in AML is only 2-8 % (Gilliland et al. 2002), mutations in 

the kinase domain of c-KIT can be found in up to 48% of AML patients with t(8;21) and 

most studies indicate inferior outcome with adverse impact on relapse rate and long-term 

survival (Muller et al. 2008, Patel et al. 2012). The most common activating c-KIT 

mutation in t(8;21) AML is the N822K mutation, substituting asparagine at codon 822 for 

lysine (Care et al. 2003). Mutational oncogenic activation of c-KIT is not only a relevant 

prognostic marker in t(8;21) AML, but also plays a crucial role in leukeamogenesis in this 

setting (Gilliland 2001). Specifically a cooperation between, at least, two classes of genetic 

events or two hits is thought to be required for the transformation of hematopoietic cells 

into AML; one hit is exemplified by activating mutations in proto-oncogenes, such as c-

KIT, and confers a proliferative and survival benefit, while a second hit, exemplified by 

gene fusions, such as RUNX1/RUNX1T1, associated with the chromosomal translocation 

t(8;21), impairs differentiation (Gilliland 2001). Recently, this so called two-hit hypothesis 

was validated experimentally in a mouse model of c-KIT mutated t(8;21) AML, which 

further underscored the significance of KIT mutations in the pathogenesis of AML with 

t(8;21) (Wang et al. 2011).  

Receptor tyrosine kinases, such as c-KIT, stand at the apex of cellular signaling networks, 

mediating a broad array of extracellular signals involved in regulation of proliferation and 

survival of hematopoietic cells (Scheijen et al. 2002). Under physiologic conditions, they 

become activated by an extracellular signal, the ligand, and transduce this signal from the 

cell surface through the cellular membrane into the cell, but their activity is normally 

tightly repressed in the absence of ligand (Schlessinger 2000). In contrast, mutations in the 

activation loop of the second kinase domain of c-KIT result in a conformational change 

that leads to constitutive oncogenic kinase activity and aberrant downstream receptor 

signaling in a ligand-independent manner (Care et al. 2003, Kitayama et al. 1995). This 

constitutive kinase activity promotes increased activation of downstream effectors that 

confer proliferative and survival benefit to leukemic cells (Matsumura et al. 2008, 

Lennartsson et al. 2005, Chian et al. 2001, Ning et al. 2001a). One characteristic of mutant 

c-KIT signaling is activation of STATs (Signal Transducer and Activator of Transcription), 

in particular STAT3, which represents a crucial effector of mutant c-KIT that contributes 

to transformation of hematopoietic cells (Ning et al. 2001a, Ning et al. 2001b).  
 
Aberrant mutant c-KIT signaling thereby ultimately leads to a cell-signaling profile 

(Lennartsson et al. 2005) and gene expression signature (Luck et al. 2010) that is unique to 
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leukemic cells, yielding a potential therapeutic opportunity (Ferrara 2012). Specifically, 

availability of efficient TKIs makes c-KIT a promising candidate for targeted therapy in 

AML (Amrein 2011). The TKI dasatinib can efficiently inhibit mutant c-KIT isoforms and 

downstream oncogenic signaling in AML cells (Guerrouahen et al. 2010, Schittenhelm et 

al. 2006) and treatment of the N822K-KIT-mutated AML cell line Kasumi-1 resulted in 

growth inhibition and induction of apoptosis in vitro (Kolb et al. 2008, Pappa et al. 2008). 

Furthermore, dasatinib-treatment in a mouse model of AML with t(8;21) and concomitant 

activating N822K-KIT-mutation resulted in prolonged survival in vivo (Wang et al. 2011). 

Accordingly, several ongoing trails test whether these promising preclinical results will 

hold up in clinical reality (http://www.clinicaltrials.gov; last accessioned March 26th, 

2012). 
 
 
Targeting aberrantly activated tyrosine kinases with TKIs represents a promising new 

therapeutic approach to many tyrosine-kinase driven malignancies, including c-KIT 

mutated t(8;21) AML (Ferrara 2012), but acquisition of resistance to TKIs emerged as a 

major limitation in the clinical setting. Despite the marked clinical activity of TKIs in 

selected malignancies, it is widely recognized that the overall clinical benefit of these 

agents is substantially limited by acquired drug resistance, which arises in most, if not all, 

treated patients (Engelman et al. 2008, Sierra et al. 2010, Rosenzweig 2011). The 

underlying molecular mechanisms, however, are incompletely understood and are only 

beginning to be elucidated. 

Data on acquired dasatinib resistance is yet limited and mostly derived from chronic 

myeloid leukemia (CML) where the ABL-kinase is the primary target of dasatinib. 

Dasatinib was primarily developed for cases of CML resistant to imatinib due to secondary 

activation loop mutants of BCR-ABL that interfere with drug binding (Shah et al. 2004) 

and proved to be effective in the majority of imatinib-resistant cases (Talpaz et al. 2006). It 

later became evident that acquired resistance also occurs with dasatinib and was initially 

primarily ascribed to secondary resistance-conferring kinase domain mutations as well 

(Okabe et al. 2008, Diamond et al. 2011). However, in recent years, it became clear that 

acquired resistance to dasatinib is more complex and may involve several alternative 

molecular mechanisms (Sierra et al. 2010, Tang et al. 2011). Hypothesis of acquired 

resistance to dasatinib include secondary mutations (Tang et al. 2011), inhibitor efflux via 

drug-transporters (DeAngelo et al. 2010), and activation of alternative survival pathways 
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(Zimmerman et al. 2010). Early clinical experience with dasatinib in hematologic 

malignancies other than CML, including t(8;21) AML, indicates that acquired resistance to 

dasatinib will also occur in these settings. For example, a phase II study reported initial 

symptomatic responses to dasatinib in patients with systemic mastocytosis harboring the 

activating D816V-KIT-mutation, but dasatinib eventually failed to eliminate malignant 

cells in these patients (Verstovsek et al. 2008). Furthermore, another phase II study tested 

dasatinib as maintenance therapy after complete remission in patients with c-KIT mutated 

t(8;21) AML, but preliminary results revealed no significant clinical benefit in prevention 

of relapse rate (Boissel et al. 2011). The inability of dasatinib to sustain suppression of 

malignant cells suggests that continuous exposure to the inhibitor leads to development of 

resistance; however, potential underlying mechanisms of acquired resistance have not been 

addressed in these studies and thus remain unknown.  

Unlike in CML, inhibition of aberrantly activated RTKs alone has yet been insufficient to 

achieve long-term therapeutic efficiency in AML (Mohi et al. 2004). In case of TKI 

therapy in FLT3 mutated AML, for example, clinical responses were only short-lived and 

inevitably followed by disease progression (Fischer et al. 2010), despite the fact that 

preclinical studies showed effective inhibition of FLT3 kinase activity and cytotoxicity to 

AML blasts harboring FLT3 mutations in vitro and in vivo (Tickenbrock et al. 2006).  

Notably, while acquisition of additional mutations rendering cells resistant to the inhibitor 

have been found in some cases of acquired resistance to TKI therapy in FLT3 mutated 

AML, they existed only in a few patients, and the majority of cases of acquired resistance 

appeared to be mediated without genetic modifications of the target kinase (Cools et al. 

2004, Heidel et al. 2006). In line with these clinical findings, subsequent in vitro studies 

also predominantly revealed non-genetic resistance mechanisms and demonstrated that 

changes in cell-signaling can lead to acquired resistance in response to TKI therapy in 

AML (Stolzel et al. 2010, Zhou et al. 2009, Piloto et al. 2007).  

 

In conclusion, it is likely that clinical benefit of dasatinib treatment in c-KIT mutated 

t(8;21) AML will ultimately be limited due to development of resistance, similar to TKI 

therapy in other settings (Engelman et al. 2008, Sierra et al. 2010, Rosenzweig 2011). A 

molecular understanding of this limitation will be crucial to optimize therapy and develop 

strategies to prevent or overcome acquired resistance. To our knowledge, data on long-

term exposure of c-KIT mutated AML cells to dasatinib is currently lacking and prior 

studies have mainly focused on immediate cellular effects (Schittenhelm et al. 2006, Kolb 
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et al. 2008, Pappa et al. 2008). Human cancer-derived cell lines are a powerful platform to 

evaluate therapeutic efficiency and modeling of drug resistance of anticancer agents 

(Sharma et al. 2010a). While clinical trials are under way, preclinical cell line-based model 

systems can be further employed to study molecular mechanisms under prolonged 

dasatinib treatment in a confined and controllable way.  

Based on prior studies describing reversible TKI-tolerant states of cancer cells, driven by 

non-genetic modifications, upon TKI therapy (Sharma et al. 2010b), we hypothesized that 

similar transient non-genetic mechanisms occur with dasatinib treatment of c-KIT mutated 

AML cells. Consequently, the aim of this study was two-fold. At first, to investigate effects 

on TKI sensitivity in the established c-KIT mutated t(8;21) AML cell line Kasumi-1 

(Larizza et al. 2005, Becker et al. 2008) and examine the associated molecular alterations 

upon prolonged exposure to dasatinib at varying concentrations in the clinically attained 

range (Shah et al. 2008, Condorelli et al. 2010). Second, to test whether acquired dasatinib 

resistance of AML cells can, in principle, be of transient nature and hence reversible. 
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2. Materials and methods 

2.1. Cell culture and long-term dasatinib exposure conditions 

Kasumi-1, a human AML cell line, was obtained from American Type Culture collection 

(ATCC, Manassas, VA, USA). Cells were grown in Gibco RPMI 1640 (Invitrogen, 

Carlsbad, CA, USA) supplemented with 20 % fetal calf serum (FCS) (Biochrom, Berlin, 

Germany), 25 mM HEPES buffer (Biochrom), and 5 % Gibco Penicillin/Streptomycin 

(Invitrogen) in a humidified incubator at 37°C with 5 % CO2 atmosphere. Cells were 

cultured in 75 cm2 BD Falcon flasks (BD Biosciences, San Jose, CA, USA) and split three 

times a week. Each time, cells were collected by centrifugation (1300rpm, 5min, RT), 

supernatant was discharged, cell pellet was resuspended in fresh medium, and cells were 

diluted to a concentration of 0.5 x 106 cells/ml and a volume of 40 ml.  

Dasatinib was obtained from Bristol-Myers Squibb (New York, NY, USA). The inhibitor 

was diluted in DMSO to stocks of 10 mM and stored at – 20 °C. Stocks were further 

diluted in medium to working dilutions of 10 µM, aliquoted, and stored at – 20 °C until 

usage. For long-term dasatinib exposure, appropriate concentrations of dasatinib were 

added into culture-flasks. Briefly, cells were initially incubated to 12 nM dasatinib and 

labeled as R12. After 4 weeks, R12 cells were split and either further incubated with 12 

nM or then forth incubated with 24 nM and labeled as R24. After additional 4 weeks, R24 

cells were split and either further incubated with 24 nM or then forth incubated with 48 nM 

and labeled as R48. Over a total period of 12 weeks, R12 cells were continuously exposed 

to 12 nM for 12 weeks, R24 cells were exposed to 12 nM for 4 weeks and 24 nM for 8 

weeks, and R48 cells were exposed to 12 nM for 4 weeks, 24 nM for 4 weeks, and 48 nM 

for 4 weeks, respectively. Parenteral cells unexposed to dasatinib were continously 

cultured in parallel and used as control cells for subsequent experiments. 

2.2. Cell-seeding 

For experiments, cells were taken out of flasks, collected by centrifugation (1300rpm, 

5min, RT), the cell pellet was washed twice in PBS and resuspended in fresh medium.  
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Viable cells were counted by Trypan blue (Invitrogen) dye exclusion and plated at 

0.1 x 106 cells/ml in the presence of various concentrations of dasatinib.  

2.3. 3H-Thymidine proliferation assay 

Cell proliferation was determined by incorporation of radioactive H3-Thymidine (Ulm 

University, Ulm, Germany). 20000 cells per well were seeded in a 96 well plate (BD 

Biosciences) and stimulated with decreasing concentrations of dasatinib. Titration of 

dasatinib was done downward from 100 nM to 0.4 nM. Cells were incubated for 24 hours 

at 37°C and 5 % CO2. Then 0.25 µCi H3-Thymidine (10 µl of a working dilution of 25 

µCi/ml) was added to each well and cells were incubated for additional 24 hours at 37°C 

and 5 % CO2. Afterwards, cells were harvested with the Cell harvester (Inotec, Rockville, 

MD, USA)) into a Printed Filtermat A (Perkin Elmer, San Jose, CA, USA). The filtermat 

was dried and placed into an Omni Filter cassette (Perkin Elmer). 20 µl Microscint O 

scintillation cocktail (Perkin Elmer) was pipetted into each well of the cassette and wells 

were closed with Top Seal A adhesive film (Perkin Elmer). H3 radiation was quantified for 

each well with a Top Count NXT microplate counter (Packard Bioscience, Meriden, CT, 

USA; now Perkin Elmer). 

2.4. DNA fragmentation and cell cycle analysis  

To analyze apoptosis and cell cycle, cells were collected by centrifugation (1800 rpm, 

5 min, 4 °C), and the pellet washed twice in PBS. Cell pellets were incubated on ice for at 

least 15 min in a solution of 0.1 % trinatriumcitrat-dihydrat and 0.1 % Triton X-100 

containing 5 µg/ml propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, USA) for DNA 

staining. Fluorescence was measured by flow cytometry using the FACScan system (BD 

Biosciences) on a FACScalibur Flow Cytometer (BD Biosciences). DNA fragmentation 

was quantitatively analyzed with CELLQuest software (Becton Dickinson, Franklin Lakes, 

NJ, USA) and quantitative analysis of cell cycle was done with ModFit software (Verity 

Software House, Topsham, ME, USA), respectively. 
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2.5. Annexin/PI staining 

To analyze cell death and differentiate between apoptosis and necrosis, cells were collected 

by centrifugation (1800 rpm, 5 min, 4 °C), cell pellets were washed twice with PBS and 

incubated in the dark at RT for 15 min in 100 µl Annexin-V staining solution (5 % 

Annexin-V FITC antibody [Invitrogen], 95 % Annexin buffer: Sterofundin and 1 % Hepes 

1 M). Cells were recollected by centrifugation, cell pellets were washed twice in Annexin 

buffer and resuspended in 200 µl PI staining solution (10 % propidium iodide [Sigma-

Aldrich], 90 % Annexin buffer). Fluorescence was measured by flow cytometry using the 

FACScan system (BD Biosciences) on a FACScalibur Flow Cytometer (BD Biosciences). 

Apoptosis and necrosis were quantitatively analyzed with CELLQuest software (Becton 

Dickinson).  

For compensation positive control samples were either stimulated with 0.1 µg/ml APO-1 

(CD95) antibody (Trauth et al. 1989) and 0.2 µg/ml Protein A (Sigma-Aldrich) for 24 

hours to induce apoptosis and stained with Annexin-V only or stimulated with 6 % H2O2 

for 12 hours to induce necrosis and stained with PI only. Negative control samples were 

left unstained.  

2.6. siRNA transfection 

siRNA transfection for knockdown of c-KIT was done by electroporation. Using a Gene 

Pulser II (Bio-Rad, Hercules, CA, USA) with 230 V and 500 µF, 5 x 106 cells in 370 µl 

serum free medium per Gene Pulser Cuvette (Bio-Rad) were transfected with 30 µl of a 20 

nM RNAi oligonucleotide solution. After electroporation cells were resuspended in 

medium containing 20 % FCS and plated at 0.1 x 106 cells/ml. Knockdown efficiency was 

determined by Western Blot. Stealth Select RNAi siRNA and Stealth Select RNAi 

Negative Control Medium GC Duplex oligonucleotides were obtained from Invitrogen and 

designed with BLOCK-iT (Invitrogen). The seqeunces of oligonucleotides used for siRNA 

transfection were as follows: c-KIT RNAi forward, 5’ CCAGAGACAUCAAGAAUGAU 

UCUA 3’; c-KIT RNAi reverse, 5’ UUAGAAUCAUUCUUGAUGUCUCUGG 3’.  
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2.7. Cytosolic protein extraction 

After appropriate incubation, cells were collected by centrifugation (1800 rpm, 5 min, 

4 °C) and washed once with ice cold PBS. Cell extracts were prepared by incubating cell 

pellets on ice for 20 min in lysis buffer (PBS containing 30 mM Tris/HCl, 150 mM NaCl, 

1% Triton-X 100, 10 % Glycerol) supplemented with Complete Protease Inhibitor Cocktail 

(Roche, Indianapolis, IN, USA) and Phosphatase Inhibitor Cocktail (Sigma-Aldrich) 

followed by highspeed centrifugation (14000 rpm, 20 min, 4 °C). Concentration of 

cytosolic and nuclear proteins was determined using the BCA Protein Assay Kit (Pierce, 

Thermo Scientific, Rockford, IL, USA) according to manufacture’s instruction. Cell 

extracts were stored at -20°C. 

2.8. SDS-PAGE and Western blotting  

For protein detection 50 µg cytosolic proteins were denatured by boiling in SDS sample 

buffer (60mM Tris/HCl pH 6.8, 1% SDS, 5% glycerol, 0.01mg/ml bromphenolblue, 0.34M 

β-mercaptoethanol) for 5 min and loaded on a SDS gel. Protein samples were concentrated 

in the stacking gel (5 % acrylamide, 0.1% SDS, 125 mM Tris HCl pH 6.8, 0.1 % APS, 

0.10 % TEMED) for 30 min at 100 V and separated in the resolving gel (12 % or 15 % 

acrylamide, 0.1 % SDS, 250 mM Tris HCl pH 8.8, 0.1 % APS, 0.04 % TEMED) at 130 V. 

Afterwards, protein samples were electrotransferred onto a nitrocellulose membrane (1.5 

mA/cm2, 1.5 h) (Amersham Bioscience, Little Chalfont, United Kingdom) using the 

semidry blotting system TransBlot SD (Bio-Rad). To reduce unspecific binding the 

membrane was blocked for 1 h in in PBS-Tween (PBST) containing 5% milk powder. For 

detection of specific proteins the membrane was incubated with the appropriate primary 

antibody over night at 4 °C. Primary antibodies used were as follows: c-KIT (Ab81) mAb, 

Phospho-c-KIT (Tyr719) Antibody, Stat3 Antibody, Phospho-Stat3 (Tyr705) (3E2) Mouse 

mAb, Phospho-Akt (Ser473) (193H12) Rabbit mAb, p44/p42 MAPK (Erk1/2) (137F5) 

Rabbit mAb, Phospho-p44/p42 MAPK (Thr202/Tyr204) (E10) Mouse mAb, GAPDH 

(14C10) Rabbit mAb, and Rabbit Anti-Caspase-3 Polyclonal Antibody from Cell Signaling 

Technology (Beverly, MA, USA) and Purified Mouse Anti-Akt from BD Biosciences. 

Primary antibodies were diluted 1:1000 in PBS-Tween (PBST) containing 5% BSA and 

0.1% azide, with the exception of c-KIT antibody, which was diluted in PBST containing 
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5% milk powder. The next day the membran was rinsed with PBST to remove unbound 

primary antibody and exposed to either anti-mouse IgG-HRP conjugated or anti-rabbit 

IgG-HRP conjugated secondary antibody (Santa Cruz, Santa Cruz, CA, USA). Secondary 

antibodies were diluted 1:5000 in PBST containing 5% milk powder. Finally, proteins 

were visualized on Hyperfilm ECL (Amersham Bioscience) using ECL Western Blotting 

Detection Reagents (Amersham Bioscience) according to manufacture’s instruction. Films 

were developed with an Optimax x-ray film processor (Protec, Oberstenfeld, Germany). 

2.9. RNA isolation  

To obtain total cellular mRNA, cells were collected from flasks and pelleted by 

centrifugation (1800 rpm, 5 min, RT). Isolation of mRNA was performed using Trizol 

Reagent (Invitrogen) according to manufacture’s instruction. The concentration of purified 

RNA was determined by measuring the absorbance at 260 nm and 280 nm in a 

spectrophotometer. RNA was stored at – 80 °C. 

2.10. Reverse Transcription PCR and Real Time PCR (RT PCR) 

For cDNA synthesis, 1 µg RNA was transcribed using the SuperScript III First Strand 

Synthesis System (Invitrogen) with Randon Hexamer Primers according to manufacture’s 

instruction.  

The generated cDNA was then used as a template in subsequent RT PCR reactions using 

the commercially available kit Light Cyler FastStart DNA Master SYBR Green I (Roche) 

according to manufacture’s instructions. Each reaction contained 1 µl cDNA fragments, 

1.13 µl LC-Mix, 0.46 µl Magnesium, 7.31 µl H2O and 1.1 µl 10 pM Primer Mix that was 

pipetted in LightCycler Capillaries (Roche) and briefly centrifuged. Real time quantitative 

PCR was done on a LightCycler 2.0 (Roche) using the following conditions: 

preincubation: 10 min 95 °C; amplification: 40 x (10 sec 95 °C, 5 sec 60 °C, 15 sec 72 °C); 

melting curve: 15 sec 60 °C; cooling: 40 °C. Genes analyzed were c-KIT and FLT3. 

GAPDH was used as housekeeping gene. Primers for RT PCR were obtained from 

Biomers.net (Ulm, Germany) and designed with Perlprimer (sourceforge.net). The 

sequences of primers for RT PCR were as follows: c-KIT cDNA forward, 5’ 
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GGATGACGAGTTGGCCCTAGACTTAGAAGAC 3'; c-KIT cDNA reverse, 5' 

GGCTGCTTCCTAAAGAGAACAGCTCCCA 3'; FLT3 forward, 5’ AGTGGTGAAGTG 

GCTC 3’; FLT3 reverse, 5’ GGATTCACACCCACAG 3’; GAPDH forward, 5’ GAAGGT 

GAAGGTCGGAGT 3’; GAPDH reverse 5’ GAAGATGGTGATGGGATTTC 3’. 

2.11. Gene expression array analysis 

Chip Facility at University Hospital Ulm (Ulm, Germany) performed and analyzed whole 

genome gene expression profile of mRNA samples. In brief, 2 µg total RNA were used as 

starting material and 15 µg cRNA were used per hybridization (GeneChip Fluidics Station 

450; Affymetrix, Santa Clara, CA). Total RNA was amplified and labeled following the 

one-cycle target labeling protocol (http://www.affymetrix.com; last accessioned April 12th, 

2012). Labeled cRNAs were hybridized to U133Plus 2.0 Affymetrix GeneChip arrays 

(Affymetrix). The chips were scanned with an Affymetrix GeneChip Scanner 3000 

(Affymetrix) and subsequent images analyzed using GCOS 1.4 (Affymetrix). 

Transcriptome analyses were performed using BRB-ArrayTools developed by Dr. Richard 

Simon and BRB-ArrayTools Development Team (http://linus.nci.nih.gov/BRB-

ArrayTools.html; last accessioned April 12th, 2012). Raw feature data were normalized and 

log2 intensity expression summary values for each probe set were calculated using robust 

multiarray average (RMA) (Irizarry et al. 2003). Class comparison: We identified genes 

that were differentially expressed between the two classes using a two-sample T-test. 

Genes were considered statistically significant if their p value was less than 0.05 and the 

fold-change was 2x (4x) between the two groups. Gene Ontology (GO) Analysis: To 

identify the most affected biological processes, as defined by Gene Ontology annotation, 

we used the GoMINER analysis tool (Genomics and Bioinformatics Group, National 

Cancer Institute, Bethesda, MD, USA). This package allows the automatic analysis of 

multiple microarrays and then integrates the results, across all of them, to find the GO 

categories that were significantly (p<0.05) over- or underrepresented. 
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2.12. DNA isolation 

To obtain total DNA, cells were collected from flasks and pelleted by centrifugation 

(1800 rpm, 5 min, RT). Isolation of DNA was performed using the QIAamp DNA Mini Kit 

(Qiagen, Germantown, MD, USA) according to manufacture’s instruction. DNA 

concentration was determined by measuring the absorbance at 260 nm and 280 nm in a 

spectrophotometer (Pharmacia Biotech, Piscataway, NJ, USA) and stored at – 20 °C. 

2.13. Polymerase Chain Reaction (PCR) 

PCR was done on a Mastercycler Gradient cycler (Eppendorf, Hamburg, Germany) using 

Taq PCR Master Mix Kit (Qiagen) according to manufacture’s instruction. For the cycler 

the following program was used: 2 min 95 °C; 35x (30 sec 94 °C, 1 min 62 °C, 1 min 72 

°C); 10 min 72 °C; ∞ 4 °C. Primers of c-KIT for PCR were obtained from Biomers.net and 

designed with Perlprimer (sourceforge.net). The sequences of primers were as follows: c-

KIT DNA forward 5’ TGTATTCACAGAGACTTGGC 3’, c-KIT DNA reverse 5’ 

GGATTTACATTATGAAAGTCACAGG 3’. PCR products were analyzed by gel 

eclectrophoresis of DNA fragments. To this end, samples were mixed with 1/6 volume 

loading dye and loaded on 2 % Tris-acetate-EDTA (TAE) agarose gels. Ethidium bromide 

was added to the gels for staining of DNA fragments (final concentration of 0.5 µg/ml). As 

running buffer 1x TAE (4,84 g Tris Base, 1,14 ml acetic acid, 2 ml 0.5 M EDTA pH 8, ad 

1l) was used. Ethidium bromide-stained DNA was visualized by UV light and 

photographed with a Gel Imaging Intas UV-System (Intas, Göttingen, Germany). 

2.14. Sequencing  

PCR products were purified with QIAquick PCR purification kit (Qiagen) according to 

manufacture’s instruction. PCR products were analyzed with CEQ DTCS Quick Start Kit 

for dyeterminator cycle sequencing (Beckman Coulter, Brea, CA, USA) on the 

GenomeLab GeXP Genetic Analysis System (Beckman Coulter) using the same primers 

applied for amplification by PCR. 
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2.15. DNA methylation analysis 

Quantitative analysis of methylation level of CpG sites (islands?) in the promotor region of 

the KIT gene was performed using established pyrosequencing techniques (Varionostic, 

Ulm, Germany; http://www.varionostic.de; last accessioned April 11th, 2012). Sequences 

of primers for PCR were as follows: 5’ TTAGGGGTGGAAAGGTGGA 3’ (forward), 5’ 

Biotin- ACCCCTCTCATCCCCATAACT 3’ (reverse). Three sequencing runs were 

necessary for analysis to cover the amplicon. Sequences of primers for the three 

sequencing runs were as follows: S1, 5’ GAAAGGTGGAGAGAGAAA 3’; S2, 5’ 

GAAAGAGTAGGGGTTA 3’; S3, 5’ TGGGAGGAGGGGTTG 3’. 
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3. Results 

To begin, we intended to confirm the previously described inhibitory effect of dasatinib on 

Kasumi-1 cells. After treatment of Kasumi-1 cells with various doses of dasatinib, cell 

cycle, apoptosis, and proliferation assays were performed. In addition, the expression level 

of total and phosphorylated c-KIT and the downstream effector STAT3 was evaluated. 

3.1. Dasatinib inhibits c-KIT signaling and induces apoptosis in 

Kasumi-1 cells 

Treatment of Kasumi-1 cells with dasatinib over 48 hours resulted in a dose dependent 

decrease in cell proliferation (Fig. 1a). Apoptosis analysis showed that this decrease in cell 

proliferation could be, at least partially, explained by a dose dependent induction of 

apoptosis (Fig. 1b). Gating of viable cells revealed an almost complete blockade of cell 

cycle progression after 48 hours of dasatinib treatment and most treated cells were arrested 

in G0/1 (Fig. 1c). Analysis at later time points showed a prolonged inhibitory effect of 

dasatinib on Kasumi-1 cells (Fig. 1c) and a further increase in apoptosis after 72 and 96 

hours of treatment, respectively (Fig. 1d). 

In addition, treatment of Kasumi-1 cells with dasatinib for 48 hours led to complete 

dephosphorylation of c-KIT as well as downstream STAT3 and a dose dependent increase 

in Caspase 3 cleavage. Using the 19 kDa band as surrogate readout for increased apoptosis, 

the finding of Caspase 3 activation verified the observed induction of apoptosis by flow 

cytometry. Interestingly, dasatinib treatment and consequent inhibition of c-KIT signaling 

also led to a profound down-regulation of total STAT3 protein (Fig. 2).  

In conclusion, we show that, consistent with previous reports, dasatinib inhibits c-KIT 

signaling and results in decreased cell proliferation and increased apoptosis of Kasumi-1 

cells in a dose and time dependent manner.  
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Figure 1: Treatment of Kasumi-1 cells with dasatinib leads to inhibition of proliferation, 
induction of apoptosis, and inhibition of cell cycle progression in a time and dose dependent 
manner. Kasumi-1 cells were treated with increasing doses of dasatinib. Cell proliferation was 
assayed by H3 incorporation (a) and is shown after treatment with dasatinib for 48 hours. 
Apoptosis as assayed by DNA fragmentation (b) and cell cycle as assayed by DNA content (c) are 
shown after treatment with dasatinib for 24, 48, 72 and 96 hours, respectively. Data was compiled 
from 3 experiments; error bars are given as standard error of the mean. 
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Figure 2: Treatment of Kasumi-1 cells with dasatinib has a strong inhibitory effect on c-KIT 
signaling and the downstream effector STAT3. Cells were treated over 48 hours with increasing 
doses of dasatinib. After this time span protein was isolated. Shown here is protein expression as 
assayed by Western blot. Blot is representative out of 3 experiments. Casp3, Caspase 3; GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase; Stat3, Signal transducer and activator of transcription 
3. 
 

 

3.2. Knockdown of c-KIT in Kasumi-1 cells leads to apoptosis induction  

Having shown that dasatinib treatment is able to inhibit c-KIT signaling and results in 

apoptosis induction in Kasumi-1 cells, we subsequently focused on the role of c-KIT 

signaling for survival of Kasumi-1 cells in more detail. Specifically, we asked whether 

specific disruption of c-KIT signaling leads to apoptosis induction likewise dasatinib 

treatment. To this end, we knocked down c-KIT by RNA interference.  

In fact, upon effective knockdown of c-KIT in Kasumi-1 cells, the outcome was similar to 

that observed after dasatinib treatment. About 60-70% apoptosis was measured for cells 

treated for 48 hours with either c-KIT RNAi (Fig. 3a) or dasatinib (Fig. 3b). Moreover, 

knockdown of c-KIT also resulted in decreased expression levels of total and 

phosphorylated STAT3 (Fig. 3b), comparably to dasatinib treatment (Fig. 2). The activity 

and expression of AKT and ERK, two other crucial downstream effector molecules of c-

KIT, were also reduced upon c-KIT knockdown; to a lesser extend than STAT3, however 

(Fig. 3b).  
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Figure 3: c-KIT knockdown in Kasumi-1 cells leads to induction of apoptosis and decreased 
activity and expression of downstream signaling molecules, most notably STAT3. Cells were 
electroporated and were either incubated with negative control RNAi or c-KIT specific RNAi. 
Analysis of cells and isolation of protein samples was done after 6, 24, and 48 hours, respectively. 
a) Apoptosis was assayed by DNA fragmentation. Data for apoptosis analysis was compiled from 3 
experiments; error bars are given as stand error of the mean. b) Protein expression was assayed by 
Western blot. Blot is representative out of 3 experiments. Casp3, Caspase 3; ERK, Extracellular 
signaling-regulated kinase; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; neg, negative; 
P-, Phospho-; RNAi, inhibitory RNA; Stat3, Signal transducer and activator of transcription 3. 
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3.3. Long-term exposure of Kasumi-1 cells to dasatinib led to 

development of resistance towards the inhibitor that was paralleled 

by marked alterations in cell signaling and gene expression 

So far, we showed that c-KIT signaling is crucial for survival of Kasumi-1 cells, since 

acute c-KIT inhibition with dasatinib as well as knockdown of c-KIT via RNA interference 

resulted in apoptosis. To test long-term effects of dasatinib treatment, we continuously 

exposed Kasumi-1 cells to dasatinib over a prolonged period of time.  

Kasumi-1 cells were started on treatment by culturing cells in presence of 12 nM dasatinib. 

This dose represents the IC50 under our experimental settings (Fig.1a). In parallel, parental 

cells were further cultured without dasatinib as control cells for later analysis. To monitor 

the response to the inhibitor after prolonged exposure, proliferation assays were regularly 

performed for treated cells as well as untreated control cells. After four weeks of treatment, 

a decreased sensitivity towards dasatinib was observed for long-term exposed cells relative 

to control cells, i.e. treated cells responded less to the same dasatinib dose than their 

untreated parental cells (Fig. 4a). Subsequently, the dose was increased up to 24 nM and 

finally up to 48 nM after additional four weeks of treatment. Figure 4 summarizes the 

development of dasatinib resistance in the derived cell lines after 4, 8, and 12 weeks, 

respectively. 
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Figure 4: Cells became less sensitive to dasatinib after continuous long-term exposure to the 
inhibitor. R12 cells were cultured in presence of 12 nM dasatinib for 12 weeks. R24 cells were 
cultured in presence of 12 nM dasatinib for 4 weeks and additional 8 weeks in presence of 24 nM. 
R48 cells were cultured in presence of 12 nM dasatinib for 4 weeks, additional 4 weeks in presence 
of 24 nM and for further 4 weeks in presence of 48 nM. K cells were left untreated. Every four 
weeks, cells were washed and exposed over 48 hours to increasing doses of dasatinib. Shown here 
is proliferation after 4 weeks (a), 8 weeks (b), and 12 weeks (c), respectively, as assayed by H3 
incorporation. Data represent one experiment measured in triplets; error bars are given as standard 
error of the mean. 
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After treatment over a total period of 12 weeks, all treated cells were less sensitive towards 

dasatinib when compared to control cells. Specifically, the IC50 for dasatinib in treated 

cells was increased up to 10-fold relative to control cells in case of R48 cells, for example. 

This decreased sensitivity towards dasatinib with regard to inhibition of cell proliferation 

was reflected in differences in cell cycle progression between long-term exposed cells and 

control cells, when stimulated with increasing doses of dasatinib for 48 hours. In detail, 

R12 and R24 cells showed less cell cycle arrest after treatment with dasatinib when 

compared to control cells. But, although R12 and R24 cells were less sensitive to dasatinib 

relative to their untreated control cells, there was still a dose dependent inhibitory effect, 

i.e. higher doses of dasatinib were still able to overcome resistance (Fig. 5b). In contrast, 

the response of R48 cells to dasatinib was much less dose-dependent, as even increased 

doses of dasatinib exerted only a minimal additional inhibitory effect on these cells with 

regard to cell cycle progression. Moreover, the R48 cell line showed a higher fraction of 

R48 cells arrested in G0/1 at baseline without presence of dasatinib, which differed 

remarkably from the control cell line as well as the other resistant cell lines R12 and R24 

(Fig. 5b). Despite these marked differences in cell cycle progression, only slight 

differences were found with regard to cell death induction by increasing doses of dasatinib, 

with R48 cells being least sensitive. 
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Figure 5: After continuous long-term exposore to dasatinib, cells were less sensitive to the 
inhibitor with regard to apoptosis induction and cell cycle arrest, when compared to parental 
control cells. R12 cells were cultured in presence of 12 nM dasatinib for 12 weeks. R24 cells were 
cultured in presence of 12 nM dasatinib for 4 weeks and additional 8 weeks in presence of 24 nM. 
R48 cells were cultured in presence of 12 nM dasatinib for 4 weeks, additional 4 weeks in presence 
of 24 nM and for further 4 weeks in presence of 48 nM. K cells were left untreated. After this time 
span, cells were washed and exposed over 48 hours to increasing doses of dasatinib. Shown here is 
apoptosis as assayed by Annexin-PI staining (a) and cell cycle as assayed by DNA content (b). 
Data were compiled from 2 experiments measured in triplets. AV, Annexin-V; PI, Propidium 
iodine. 
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Continuous long-term exposure to dasatinib eventually enabled cells to grow in the 

presence of dasatinib doses that still effectively inhibited cell growth in unexposed control 

cells, i.e. treated cells became resistant to dasatinib. Different scenarios may account for 

this resistance of Kasumi-1 cells to dasatinib upon long-term exposure to the drug. To 

elucidate underlying molecular mechanisms of resistance, we analyzed the expression and 

activation level of c-KIT as well as the downstream effector molecules STAT3, AKT, and 

ERK in resistant cells compared to control cell lines, after stimulation to increasing doses 

of dasatinib. 

Cell signaling was remarkably altered in cells continuously exposed to dasatinib for 12 

weeks versus unexposed control cells. The resistant cell lines R12 and R24 overexpressed 

c-KIT and higher doses of dasatinib were required to inhibit c-KIT activity. Consistently, 

the inhibitory effect of dasatinib on the phosphorylation level of tyrosine residues of 

downstream STAT3 was also reduced in R12 and R24 cells when compared to control 

cells. In contrast, c-KIT was no more expressed in R48 cells, ergo phosphorylation of c-

KIT was also absent. Interestingly, loss of c-KIT was associated with a much lower 

expression and phosphorylation of STAT3, as observed in the previous knockdown 

experiments. On the other hand phosphorylation, and hence activation, of ERK was 

increased in R48 cells when compared to the other cell lines (Fig. 6). Caspase 3 cleavage 

was less prominent in resistant cells when compared to control cells, while the least 

Caspase 3 cleavage products could be detected in R48 cells, reflecting the apoptosis 

measurements done by flow cytometry (Fig. 5). 

Taken together, continuous treatment of Kasumi-1 cells with dasatinib resulted in 

development of resistance towards dasatinib, which was paralleled by profoundly altered 

expression of c-KIT receptors and corresponding downstream signaling molecules. Of 

note, resistant cells that had lost c-KIT signaling showed marked activation of ERK.  
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Figure 6: Expression of c-KIT differed markedly between long-term dasatinib exposed cells 
and parental control cells. In R12 and R24 cells c-KIT was overexpressed and inhibition of c-
KIT signaling was less pronounced in these cells when compared to control cells after 
treatment with identical doses of dasatinib. In contrast, c-KIT was undetectable in R48 cells 
and c-KIT and downstream STAT3 were inactive and extremely down regulated, instead 
ERK was highly active in these cells. R12 cells were cultured in presence of 12 nM dasatinib for 
12 weeks. R24 cells were cultured in presence of 12 nM dasatinib for 4 weeks and additional 8 
weeks in presence of 24 nM. R48 cells were cultured in presence of 12 nM dasatinib for 4 weeks, 
additional 4 weeks in presence of 24 nM and for further 4 weeks in presence of 48 nM. K cells 
were left untreated. After this time span, cells were washed and exposed over 48 hours to 
increasing doses of dasatinib. Shown here is protein expression as assayed by Western blot. Blot is 
representative out of two experiments. Casp3, Caspase 3; ERK, Extracellular signaling-regulated 
kinase; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; P-, Phospho-; Stat3, Signal 
transducer and activator of transcription 3. 
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3.4. Resistance and associated molecular modifications were reversible 

and regressed quickly after treatment stop 

We argued that these changes in cell signaling and resulting drug resistance could 

theoretically be of transient nature and thus reversible. To test whether resistance regressed 

or remained, we stopped dasatinib treatment after 12 weeks of long-term exposure and re-

analyzed drug sensitivity. 

Withdrawal of dasatinib in fact resulted in regression of resistance. When cells where 

cultured in dasatinib free medium following 12 weeks of long-term treatment, previously 

resistant cells were almost completely re-sensitized to dasatinib when drug-sensitivity was 

re-evaluated after 4 weeks of cessation of treatment (Fig. 7a). On the other hand, long-term 

treated cells further cultured in presence of dasatinib remained resistant (Fig. 7b).  

Previously resistant cells were also re-sensitized to dasatinib with regard to induction of 

apoptosis  (Fig. 8a) and cell cycle arrest (Fig. 8b).  
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Figure 7: Resistance was reversible upon withdrawal of dasatinib. After cessesation of 
dasatinib exposure, previously resistant cells were re-sensitived to dasatinib with regard to 
inhibition of proliferation. In contrast, cells further cultured in presence of dasatinib 
remained resistant. After continuous long-term dasatinib treatment for 12 weeks, cells were either 
left untreated (a) or further treated (b) for an additional 4 weeks. K cells were left untreated over 
the whole period. After this time span, cells were washed and exposed over 48 hours to increasing 
doses of dasatinib. Shown here is proliferation as assayed by H3 incorporation. Data were 
measured in triplets; error bars are given as standard error of the mean. 
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Figure 8: Resistance was reversible upon withdrawal of dasatinib. Previously resistant cells 
were re-sensitized to dasatinib with regard to inhibition of cell cycle progression and 
apoptosis induction. After continuous long-term dasatinib treatment for 12 weeks, cells were left 
untreated for 4 weeks. K cells were left untreated over the whole period. After this time span, cells 
were washed and exposed over 48 hours to increasing doses of dasatinib. Shown here are cell cycle 
as assayed by DNA content (a) and apoptosis as assayed by Annexin-PI staining (b). Data were 
compiled from 2 experiments measured in triplets. AV, Annexin-V; PI, Propidium iodine. 
 
 
 
 

 

The observed alterations in protein expression after 12 weeks of treatment also subsided 

within cessation of treatment for 1 week. R12 and R24 cells differed from control cells 

mainly in the expression of c-KIT. Expression and phosphorylation level of the 

downstream targets STAT3, AKT, and ERK were comparable in R12, R24, and control 

cells. R48 cells, however, displayed a profoundly altered signaling profile for the analyzed 

proteins. On one hand, c-KIT expression and hence activity was lost in addition to an 

extremely down-regulation and inactivation of STAT3. On the other hand, ERK was up-

regulated and strongly activated (Fig. 9). 

To determine, whether the altered expression of c-KIT in the different cell lines was also 

associated with differences in mRNA expression of c-KIT, RT PCR analysis was 
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performed. Similar alterations of c-KIT expression on the level of mRNA as well as on 

protein level were found, with up-regulation of c-KIT mRNA in R12 and R24 cells and a 

strong down-regulation of c-KIT mRNA in R48 cells. Furthermore, c-KIT mRNA 

expression in PR12, PR24, and PR48 cells did regress likewise the protein expression 

within cessation of treatment for 1 week (Fig. 10a).  
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Figure 9: Resistance was associated with reversible alterations in expression and activation of 
c-KIT and downstream effectors. Resistance in R12 and R24 cells was associated with increased 
c-KIT protein expression, whereas resistance in R48 cells was associated with decreased 
expression c-KIT. R48 cells in addition showed less phosphorylation of STAT3, but increased 
phosphorylation of ERK. PR12, PR24 and PR48 cells showed similar protein expression and 
phosphorylation profile for c-KIT, STAT3, AKT, and ERK when compared to parental control 
cells. Protein samples for K, R12, R24, and R48 were isolated after continuous long-term dasatinib 
treatment for 12 weeks; protein samples for PR12, PR24 and PR48 were isolated after treatment of 
cells with dasatinib for 12 weeks and cessation of treatment for 1 week. Shown here is protein 
expression as assayed by Western blot. ERK, Extracellular signaling-regulated kinase; GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase; P-, Phospho-; Stat3, Signal transducer and activator 
of transcription 3. 
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Figure 10: Resistance is associated with reversible alterations in mRNA expression of c-KIT 
and FLT3. Resistance in R12 and R24 cells was associated with increased c-KIT mRNA 
expression. In contrast, resistance in R48 cells was associated with decreased c-KIT mRNA 
expression, but increased expression of FLT3 mRNA. PR12, PR24 and PR48 cells showed similar 
mRNA expression of c-KIT and FLT3 as parental control cells.  mRNA samples for K, R12, R24, 
and R48 were isolated after treatment of cells with dasatinib for 12 weeks; mRNA samples for 
PR12, PR24 and PR48 were isolated after treatment of cells with dasatinib for 12 weeks and 
cessation of treatment for 1 week. Shown here is mRNA expression of c-KIT (a) and FLT3 (b) as 
assayed by RT PCR. Ct, Cycle of threshold; FLT3, Fms-like tyrosine kinase 3; GAPDH, 
Glyceraldehyde 3-phosphate dehydrogenase. 
 
 
 
 
 
 
The preceding siRNA experiments showed that Kasumi-1 cells are dependent on c-KIT 

signaling and undergo apoptosis when c-KIT is lost (Fig. 3). Thus the question arises how 

R48 cells were able to tolerate loss of c-KIT and evade apoptosis. The marked increased 

phosphorylation of ERK in R48 cells made it likely, that there was at least one active 

compensatory pathway not targeted by dasatinib in R48 cells, possibly allowing resistant 

cells to survive c-KIT-independent. In search of additional genes that are associated with 

resistance development, we performed whole genome expression profiles for R48, PR48, 

and control cells. 

Figure 12 shows the heat map for the gene expression profile in these cells. At a glance, 

the expression profile of PR48 and K cells were similar, whereas the expression profile of 

R48 cells differed enormously from both, control cells as well as PR48 cells. When genes 

with at least a 4-fold change were taken into analysis, 755 genes were differently regulated 

in R48 cells, when compared to control cells, with 351 genes upregulated and 404 genes 

downregulated (Table 2 in the appendix). After cessation of treatment for one week, only 

24 genes were still found differently regulated in PR48 cells in comparison with control 

cells, with 19 genes upregulated and 5 genes downregulated (Table 3 in the appendix). 
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Detailed analysis revealed a marked up-regulation of FLT3 (45.5 times) in R48 cells, 

which returned to an almost normal level in PR48 cells (3.9 times upregulated). This 

finding was subsequently confirmed with RT PCR (Fig. 10b). Similarly, c-KIT was found 

downregulated (4.6 times) in R48 cells in comparison to control cells, whereas no 

difference in c-KIT expression was observed between PR48 cells and control cells, even 

when a cutoff of a 2-fold change was taken for analysis. 

 

 

 
 
Figure 11: Resistance to dasatinib in R48 cells is paralleled by a distinct gene expression 
profile compared to control cells and regression of resistance in PR48 cells is associated by 
normalization of gene expression. mRNA samples for K and R48 were isolated after treatment of 
R48 cells for 12 weeks, mRNA sample for PR48 was isolated after treatment for 12 weeks and 
cessation of treatment for 1 week. Shown here is the heat map for gene expression as assayed by 
Affymetrix microarray. Analysis was done in triplets. 
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Development of resistance in Kasumi-1 cells after long-term treatment with increasing 

doses of dasatinib was associated with altered expression of c-KIT on mRNA level. One 

possible underlying mechanism could be different transcription of the c-KIT gene. 

Methylation of promotor CpG sites is a common and reversible mechanism of 

transcriptional regulation in cancer cells. So we asked, whether changes in the methylation 

status of CpG dinucleotides in the promotor region of c-KIT are the molecular basis for the 

distinct expression of c-KIT in resistant cells. To this end, we performed methylation 

analysis spanning the sequence from -164 bp to -11 bp upstream of the ATG start codon of 

the c-KIT gene. However, CpG sites in this genomic locus were found only weakly 

methylated in Kasumi-1 cells and no significant changes in methylation were observed in 

any of the resistant cell lines.  

3.5. Resistance was not associated with additional mutations in the 

second kinase domain of c-KIT 

The Kasumi-1 cell line harbors the N822K mutation in Exon 17 of one c-KIT allele and 

expresses the mutated allele. We confirmed this by sequencing Exon 17 of c-KIT of DNA 

as well as cDNA samples. We revealed no additional mutations in Exon 17, neither in 

control cells, nor in any of the resistant cell lines R12, R24, and R48. Moreover, 

sequencing of Exon 17 of cDNA samples showed that all these cell lines express, to at 

least more than 80 %, the mutated allele of c-KIT. 

 

 

 

 

 

 

 

 



 

 30 

3.6. Transient overexpression of c-KIT could be verified as molecular 

resistance mechanism in additional independent treatment courses 

The transient nature of resistance did not allow freezing and re-culturing of resistant cells 

at a later time. To perform additional experiments and to verify our findings we carried out 

a second course of dasatinib treatment, using the same protocol. This time, however, cells 

were treated in triplets, which were cultured seperately all along. 

After 12 weeks of treatment, treated cells became again resistant to doses of dasatinib that 

were sufficient to inhibit growth of control cells. Proliferation (Fig. 12a) was comparable 

to the first treatment course (Fig. 4c), with an up to 10-fold increase in the IC50 for R48 

cells, for example. Apoptosis and cell cycle analysis after treatment for 12 weeks (Fig. 

12b+c) also revealed similar findings in comparison to of the first long-term exposure 

course (Fig. 5). Of note, however, unlike previous experiments (Fig. 5b), less R48 cells 

were found arrested in the G0/1 phase of the cell cycle (Fig. 12c). 

To test whether resistance was associated with the same molecular modifications, protein 

expression was analyzed also for resistant cells generated in the second course of long-

term exposure. R12 and R24 cells again showed overexpression of c-KIT and higher doses 

of dasatinib were necessary to inhibit phosphorylation of c-KIT (Fig. 13), analogous to 

previous experiments (Fig. 6). However, this time R48 cells showed marked 

overexpression of c-KIT as well (Fig. 13). This is in contrast to the first course, where c-

KIT was found drastically downregulated in R48 cells. Furthermore, the previously 

observed strong activation of ERK (Fig. 6) was also absent in R48 cells (Fig. 13). 
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Figure 12: Likewise the first treatment course, long-term treated cells were less sensitive to 
dasatinib with regard to inhibition of proliferation and induction of apoptosis after continous 
long-term exposure to dasatinib. In additional courses of long-term dasatinib exposure, cells were 
again treated with dasatinib for 12 weeks with dose escalation every 4 weeks, as previously 
described. K cells were left untreated. After this time span, cells were washed and exposed over 48 
hours to increasing doses of dasatinib. Shown here is proliferation as assayed by H3 incorporation  
(a), apoptosis as assayed by DNA fragmentation (b), and cell cycle analysis as assayed by DNA 
content (c). Data were compiled from 3 independent experiments measured in triplets; error bars 
are given as standard error of the mean. 
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Figure 13: After continous long-term exposure to dasatinib for 12 weeks in additional 
treatment courses, overexpression of c-KIT was found in all long-term exposed cell lines, 
when compared to parental control cells. Note the difference to the first treatment course 
where c-KIT was undetectable in R48 cells. In additional courses of long-term dasatinib 
exposure, cells were again treated with dasatinib for 12 weeks with dose escalation every 4 weeks, 
like previously described. K cells were left untreated. After this time span, cells were washed and 
exposed to increasing doses of dasatinib over 48 hours. Shown here is protein expression as 
assayed by Western blot. Blot is representative out of 3 experiments. Casp3, Caspase 3; ERK, 
Extracellular signaling-regulated kinase; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; P-, 
Phospho-; Stat3, Signal transducer and activator of transcription 3. 
 
 
 
 
After treating cells for 12 weeks, dasatinib was again withdrawn from the medium as an 

attempt to re-sensitize resistant cells to the inhibitor. Resistance did regress as expected 

(Fig. 14a,c) similar to the first course of long-term treatment (Fig. 7a,c). Resistant cells 

further cultured in presence of dasatinib yet remained resistant to dasatinib (Fig. 14b,d). 

Similarly, differences in cell death induction and cell cycle progression by dasatinib 

between the resistant cells and control cells also normalized after cessation of treatment, 

likewise the first course of long-term exposure. After culturing resistant cells in dasatinib 

free medium for 4 weeks, previously resistant cells became re-sensitized to dasatinib, with 

regard to apoptosis induction (Fig. 14e) and cell cycle progression (Fig. 14f). 
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Figure 14: Resistance towards dasatinib was again quickly reversible after cessation of 
treatment. Likewise the first treatment course, previously resistant cells were re-sensitized to 
dasatinib with regard to inhibition of proliferation, induction of apoptosis, and inhibition of 
cell cycle progression after brief discontinuation of the inhibitor. On the other hand cells 
further exposed to dasatinib remained resistant on a high level. After treatment for 12 weeks 
with dasatinib, cells were either left untreated or further treated for additional 2 (a-b) or 4 weeks (c-
d), respectively. K cells were left untreated. After this time span, cells were washed and exposed to 
increasing doses of dasatinib over 48 hours. Resistance to dasatinib was reversed in cells no longer 
treated with dasatinib with regard to proliferative ability after 2 (a) and 4 weeks (c) of treatment 
stop and with regard to induction of apoptosis induction (e) and cell cycle arrest (f) after 4 weeks of 
treatment stop. Cells further treated remained resistant (b,d). Shown here is proliferation as assayed 
by H3 incorporation (a-d), apoptosis as assayed by DNA fragmentation (e), and cell cycle as 
assayed by DNA content (f). Data were compiled from 3 independent experiments measured in 
triplets; error bars are given as standard error of the mean. 
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Figure 15: Resistance was again associated with reversible alterations in protein and mRNA 
expression of c-KIT. Resistance in R12, R24 and R48 cells was associated with increased c-KIT 
protein (a) and mRNA (b) expression. PR12, PR24 and PR48 cells showed similar protein (a) and 
mRNA (b) expression level of c-KIT as parental control cells. Samples for K, R12, R24, and R48 
were isolated after treatment of cells with dasatinib for 12 weeks; samples for PR12, PR24 and 
PR48 were isolated after treatment of cells with dasatinib for 12 weeks and cessation of treatment 
for 1 week. Shown here is protein expression as assayed by Western blot (a) and mRNA expression 
as assayed by real time polymerase chain reaction (b). Error bars are given as standard error of the 
mean. Casp3, Caspase 3; Ct, Cycle of threshold; ERK, Extracellular signaling-regulated kinase; 
GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; P-, Phospho-; Stat3, Signal transducer and 
activator of transcription 3. 
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In the first course of resistance development, alterations in the expression of c-KIT were 

found in resistant cells, when compared to control cells. Moreover, these changes were 

only of transient nature and normalized rapidly after treatment stop (Fig. 9 and 10). When 

expression of c-KIT in resistant and postresistant cells created in additional courses of 

resistance development were analyzed, the results were as follows: R12 and R24 cells 

showed marked overexpression of c-KIT compared to the control cells, consistent with the 

first treatment course. In addition, a more or less similar signaling profile with regard to 

STAT3, AKT, and ERK was found for R12 and R24 cells in both courses of resistance 

development (Fig. 15). However, this time, R48 cells showed overexpression of c-KIT on 

protein (Fig. 15a) as well as mRNA level (Fig. 15b). This finding is in contrast to the 

earlier findings (Fig. 9), where c-KIT was found down regulated. The variations of the two 

courses notwithstanding, alterations in c-KIT expression in resistant cells were, once more, 

completely reversed after culturing these cells in inhibitor free medium for 1 week (Fig. 

15). 

3.7. Resistant cells overexpressing c-KIT are still addicted to its 

signaling 

Overexpression of c-KIT was found to be a key and recurrent characteristic in the 

development of resistance towards dasatinib in Kasumi-1 cells. Thus we asked, whether 

resistant cells that overexpress c-KIT were still dependent on c-KIT signaling. To this end, 

c-KIT was knocked down in resistant cells overexpressing c-KIT and parental control 

cells. Cells generated in the second course of resistance development were used for this 

purpose. Interestingly, control cells and resistant cells died to a similar amount upon 

knockdown of c-KIT, showing that survival of these cells is still c-KIT-dependent (Fig. 

16).  
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Figure 16: Control cells and resistant cells overexpressing c-KIT underwent apoptosis to the 
same extent upon c-KIT knockdown. Cells were electroporated and were either incubated with 
negative control RNAi or c-KIT specific RNAi. Analysis of cells and isolation of protein samples 
was done after 48 hours. Similar to the control cells, the resistant cells showed increased DNA 
fragmentation (a) and Caspase 3 cleavage (b) by knockdown of c-KIT. Shown are apoptosis as 
assayed by DNA fragmentation (a) and protein expression as assayed by Western blot (b). Data for 
apoptosis analysis were compiled from 3 experiments; error bars are given as stand error of the 
mean. Blot is representative out of 3 experiments. Casp3, Caspase 3; GAPDH, Glyceraldehyde 3-
phosphate dehydrogenase; neg, negative; si, silencing. 
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4. Discussion 

Here we present first molecular insight into potential mechanisms of dasatinib resistance in 

c-KIT mutated AML with t(8;21). We investigated long-term effects of dasatinib treatment 

on Kasumi-1 cells and demonstrated that prolonged exposure of c-KIT mutated t(8;21) 

AML cells to various doses of dasatinib in the clinically attained range leads to 

development of resistance over time. Remarkably, this acquired resistance was not due to 

secondary kinase domain mutations in the target gene. Instead our findings point out a 

transient nature of dasatinib resistance, driven by non-genetic molecular modifications. 

Specifically, the early and inherent molecular resistance mechanism found was 

overexpression of c-KIT, which allowed cells to retain oncogenic c-KIT signaling in spite 

presence of dasatinib. We further identified down-regulation of c-KIT with compensatory 

shift to other survival pathways as an alternative resistance mechanism that emerged 

especially when cells were long-term exposed to higher inhibitor doses. In any case, 

however, resistance together with molecular alterations was reversible upon brief 

discontinuation of the inhibitor.  

4.1.  Resistance to dasatinib occurred in the absence of secondary KIT 

kinase domain mutations 

Point mutations in the target gene that reduce the affinity of the inhibitor for the target by 

altering its structure and interfering with inhibitor binding have been believed to constitute 

the main mechanism of resistance to TKIs (Sierra et al. 2010). This postulation is greatly 

supported by data originating in CML therapy with imatinib (Melo et al. 2007). Although 

imatinib is effective in the majority of CML patients, some patients in the chronic phase 

and most patients in advanced phases relapse despite treatment with imatinib. About 50 % 

of these relapses are associated with mutations in the ABL1 gene, resulting in resistance 

towards imatinib (Melo et al. 2007). The second-tyrosine kinase inhibitor dasatinib was 

specifically developed to overcome resistance via such mutations in these cases, but 

additional kinase domain mutations, again conferring resistance, also recurrently occur in 

CML upon dasatinib therapy (Diamond et al. 2011). Additional evidence comes from TKI 

therapy in solid cancers characterized by aberrant RTK signaling. 50-70% of GIST patients 
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treated with imatinib, for example, developed secondary mutations in the c-KIT gene 

during inhibitor therapy (Sleijfer et al. 2007). Similar to CML, imatinib-resistant GIST 

patients treated with a second-generation inhibitor also developed further mutations, which 

again conferred resistance to inhibitor therapy (Loughrey et al. 2006). Furthermore, the 

appearance of such secondary mutations has also been detected in case of EGFR in 

gefitinib-resistant NSCLC patients and accounted for about 50% of resistant cases in this 

setting (Nguyen et al. 2009). In conclusion, mutational events are certainly an important 

mechanism by which kinase-driven cancers acquire resistance towards TKIs. However, 

they are not sufficient to explain every aspect of resistance. The molecular mechanisms 

underlying acquired resistance appear to be more complex and additional non-mutational 

mechanisms have been recognized in recent years (Sierra et al. 2010, Rosenzweig 2011). 

Consistent with this new understanding, we show in this study that resistance can occur in 

the absence of secondary kinase domain mutations. We excluded additional kinase domain 

mutations by Sanger sequencing of exon 17 of the c-KIT gene in resistant cells. Exon 17 

encodes for the second tyrosine kinase domain and represents the relevant genomic region 

where additional mutations, with resistance-conferring potential, would be anticipated. 

Although we did not sequence other genetic loci, the rapid re-sensitization and 

normalization of signaling after treatment stop make genetic events in general rather 

unlikely to be responsible for the resistance observed here, but argue in favor of non-

genetic modifications instead. We would like to stress out, however, that this finding does 

not undermine the relevance of genetic modifications for resistance development in 

general, since individual resistance mechanisms don’t have to be mutually exclusive. In 

contrast, non-genetic and genetic adaptation of cells to stress under TKI exposure might go 

hand-in-hand and non-genetic mechanisms, as seen in this study, could represent early 

mechanisms that enable tumor cells to survive drug treatment long enough to eventually 

establish more permanent genetic resistance mechanisms. In fact, such a sequential 

development of resistance upon TKI treatment was recently demonstrated in a study of 

dasatinib resistance in CML that showed that overexpression of the target kinase proceeds 

the emergence of resistance conferring secondary kinase domain mutations (Tang et al. 

2011).  
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4.2. Resistance was paralleled by altered c-KIT expression  

Reactivation of the oncogenic kinase and downstream signaling is the main mechanisms 

underlying acquired resistance to TKIs and is achieved in most cases either via secondary 

mutations that render the kinase insensitive to the inhibitor or via kinase up-regulation 

(Sierra et al. 2010, Rosenzweig 2011, Mahon et al. 2008, Pierotti et al. 2011). Compliant 

with this observation, an increase in c-KIT protein level was found to be the inherent 

response of Kasumi-1 cells to continuous dasatinib exposure in this study.  

Overexpression of a protein can be a consequence of distinct mechanisms such as genomic 

amplification, increased transcription, or decreased degradation. Although all of these 

mechanisms ultimately result in a higher protein level, amplification involves genetic 

alterations, whereas the others occur independent of genetic events. Various mechanisms 

were identified that regulate the expression of c-KIT in c-KIT mutated t(8;21) AML cells 

in general, and the Kasumi-1 cell line in particular (Gao et al. 2011). For example, an 

amplified mutant allele of the c-KIT gene, which could be mapped to chromosome 4 

derivative markers, was verified in subpopulations of the Kasumi-1 cell line (Pedranzini et 

al. 2010, Beghini et al. 2002). Therefore, overexpression of c-KIT in resistant cells might 

have occurred, at least in part, through selection of such a clone under the selective 

pressure of dasatinib treatment, similar to EGFR amplification in cases of TKI resistance in 

EGFR mutated lung cancer (Ercan et al. 2010). The rapid reversibility of the drug-tolerant 

phenotype in this study argues against selection of a genetically distinct clone, however, 

and rather in favor of non-genetic modifications such as transcriptional regulation or 

changes in protein degradation. 

The endosomal compartment is essential for protein expression and also increasingly 

recognized to contribute to the regulation of signaling via receptor tyrosine kinases, 

although its exact role in tyrosine kinase activity and small molecule inhibitor interference 

is only marginally understood so far (Murphy et al. 2009). Nevertheless, it was 

demonstrated that, at least in case of EGFR mutated lung cancer, resistance to TKIs can 

occur as a consequence of impaired receptor endocytosis and membrane trafficking, 

resulting in accumulation of receptors in intracellular vesicles (Nishimura et al. 2008). 

Consequently, the endosomal compartment may also be involved in the regulation of c-

KIT receptors in AML cells upon dasatinib treatment and could have contributed to the 

observed increase in receptor copy numbers in long-term dasatinib treated cells. 
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The proportionality between c-KIT expression at protein and mRNA level, however, make 

regulation of gene expression most likely to be responsible for the altered expression of c-

KIT in long-term dasatinib treated Kasumi-1 cells. There are various transcriptional and 

post-transcriptional mechanisms that regulate KIT expression in Kasumi-1 cells, including 

activity of transcription factors and microRNAs. For example, c-KIT was found to induce 

its own transcription in Kasumi-1 cells via a complex regulatory network including the 

microRNA miR-29b, as well as the transcription factors NF-κB and Sp1 (Liu et al. 2010). 

Moreover, the RUNX1/RUNX1T1 fusion protein, the product t(8;21), also enhances c-KIT 

expression in leukemic cells via transcriptional repression of miR-222/221, which target c-

KIT mRNA, and so indirectly up-regulate c-KIT expression (Brioschi et al. 2010). Given 

these previous findings it is possible that miRNAs or transcription factors, relevant for the 

regulation of c-KIT expression, were involved in overexpression of c-KIT in Kasumi-1 

cells upon continuous dasatinib treatment. However, we have not yet addressed any of 

these mechanisms experimentally and their involvement in the altered expression of c-KIT 

in Kasumi-1 cells upon long-term dasatinib exposure and consequent acquisition of 

resistance remains speculative. In conclusion, the decreased sensitivity towards dasatinib 

and the associated overexpression of c-KIT following prolonged exposure of Kasumi-1 

cells to the inhibitor appears to be a result of non-genetic mechanisms and most likely 

transcriptional regulation, but further experiments are needed to clarify the nature of 

underlying mechanisms. 

4.3. Overexpression of c-KIT is the early and inherent molecular 

resistance mechanism upon long-term dasatinib treatment 

Irrespective of the underlying mechanism of c-KIT overexpression, the consequence of a 

higher level of c-KIT protein in resistant cells is an altered ratio of c-KIT receptors to 

dasatinib molecules in favor of c-KIT. Under experimental conditions with a given cell 

number and a given inhibitor concentration, the stoichiometry of the target and the 

inhibitor is thereby changed in a way, that each inhibitor molecule has to deal with a higher 

quantity of target protein, thereby surpassing the inhibitory threshold so that the amount of 

inhibitor is no longer sufficient to block each target molecule present. The Western blot 

data show higher phosphorylation levels of tyrosine residues of c-KIT in resistant cells 
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overexpressing c-KIT when compared to control cells after treatment with identical doses 

of dasatinib. Consequently, higher concentrations of dasatinib were needed in resistant 

cells to achieve a response similar to control cells, i.e. the IC50 for dasatinib was increased 

in resistant cells. In support of these findings, increased expression of the target protein 

was also found to be responsible for ineffective target inhibition in other settings, for 

example in case of CML resistant to imatinib as a consequence of BCR-ABL amplification 

(Gorre et al. 2001). The correlation between the degree of resistance and the amount of c-

KIT expression argues for c-KIT overexpression as a key underlying mechanism of 

resistance. Additional evidence for a causative role of c-KIT overexpression for decreased 

dasatinib sensitivity is provided by the fact that survival of long-term treated cells 

overexpressing c-KIT is still dependent on c-KIT signaling. Interestingly, a closer look 

reveals that the amount of active c-KIT, as assessed by the degree of tyrosine 

phosphorylation, remained at a similar level in resistant cells cultured in the presence of 

dasatinib and control cells cultured in dasatinib free medium. It appears as if cells increase 

the number of target receptors to overcome the relative disadvantage derived from their 

inhibition to relatively surpass the amount of inhibitory dasatinib molecules until a new 

equilibrium is reached and signaling via the oncogenic receptor is retained. This finding 

illustrates the concept of oncogene-addiction and underscores the crucial role of c-KIT for 

maintenance of the malignant phenotype and survival of Kasumi-1 cells.  

Along with a quantitative increase of receptors, qualitatively altered receptor activity might 

also contribute to the decreased dasatinib sensitive in long-term treated cells. The adapter 

molecule Grb-2, for example, was shown to be able to associate with RTK receptors in a 

phosphorylation-independent manner in cells that became resistant to TKIs 

(Breitenbuecher et al. 2009), thereby possibly conserving some receptor activity in 

resistant cells despite successful inhibition of its phosphorylation. Moreover, a residual 

phosphorylation, i.e. kinase activity that persists during drug treatment can be amplified by 

inactivation of phosphatases in cancer cells resistant to targeted therapy (Sergina et al. 

2007). Such mechanisms might also play a part in the development of resistance; however, 

the inherent molecular basis of resistance to dasatinib of Kasumi-1 cells appears to be an 

quantitative increase in c-KIT receptors, thereby preserving oncogenic c-KIT receptor 

activity, and maintaining proliferation and survival of cells in spite presence of dasatinib.  
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4.4. Down-regulation of c-KIT along with activation of alternative 

pathways represents an alternative molecular mechanism of 

resistance  

Although resistance to dasatinib in this model system was primarily mediated by an 

increased copy number of c-KIT receptors with restoration of oncogenic c-KIT signal, 

down-regulation of c-KIT together with activation of alternative survival pathways was 

another mechanism of Kasumi-1 cells to overcome the prolonged inhibitory effect of 

dasatinib and the resulting deficiency of the oncogenic kinase signal. Loss of c-KIT 

rendered the cells eventually even less sensitive to the inhibitor when compared to the 

other resistant cells that displayed increased c-KIT expression. It is noteworthy that, 

consistent with the concept of oncogene addiction (Weinstein et al. 2006, Weinstein 2002), 

Kasumi-1 cells normally depend on c-KIT signaling for survival and, as shown in this 

study, the majority of cells rapidly die following abrupt c-KIT knockdown or inhibition. 

These cells must have consequently found a way to survive independently of c-KIT 

signaling, evade oncogene-addiction and circumvent apoptosis induction upon loss of c-

KIT, presumably achieved by switching to alternative compensatory pathways (Olivieri et 

al. 2007). With loss of c-KIT protein in resistant cells, the characteristic signaling pattern 

of the mutant receptor disappeared, as evidenced by concomitant drastic loss of 

phosphorylation and down-regulation of downstream STAT3. On the other hand, a marked 

ERK hyperactivity along with a striking overexpression of the receptor tyrosine kinase 

FLT3 was observed in these resistant cells.  Activation of the MAPK pathway is a key 

characteristic of FLT3 signaling (Masson et al. 2009) and up-regulation of FLT3 with 

activation of downstream ERK may have accounted for the oncogenic switch in these cells.  

Activation of alternative survival pathways is a recurrent mechanism of acquired resistance 

to TKIs that has been observed in a variety of cancers (Sierra et al. 2010, Rosenzweig 

2011). This phenomenon also applies to TKI therapy in AML. In case of acquired TKI 

resistance in FLT3 mutated AML, AML cells could bypass cell death despite effective 

inhibition of the target kinase via adaptations in cell signaling and activation of alternative 

kinases (Stolzel et al. 2010, Zhou et al. 2009, Piloto et al. 2007). Likewise, imatinib 

resistant CML cells demonstrated BCR-ABL independent activation of other kinases, such 

as Lyn (Ito et al. 2007) or PI3K (Quentmeier et al. 2011). This phenomenon is not limited 

to hematopoietic malignancies, since similar discoveries were also made in cases of solid 

tumors treated with TKIs, such as c-KIT mutated GIST (Mahadevan et al. 2007), EGFR 
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mutated lung cancer (McDermott et al. 2010), and BRAF mutated melanoma (Nazarian et 

al. 2010). 

All these findings support the theory that activation of alternative kinases can confer 

acquired resistance to TKIs. However, the idea that one single molecule is solely 

responsible for the resistant state might be too simplistic. In this study, resistance to 

dasatinib following long-term culture was accompanied not only by changes in the 

expression of c-KIT and FLT3, but by profoundly altered expression of numerous genes 

known to be involved in kinase activity, cell signaling, regulation of apoptosis induction, 

and cell cycle progression. Given this complexity at the molecular level, it appears unlikely 

that up-regulation of FLT3 alone is responsible for the drug-tolerant phenotype.  

Epigenetic alterations of chromatin and resulting changes in expression of a large number 

of genes that have a cumulative impact on chemosensitivity, rather than effects of specific 

genes or biochemical pathways, have also been proposed as a driving mechanism of 

acquired drug resistance (Glasspool et al. 2006). Our finding of multiple differently 

regulated genes distributed along wide parts of the genome in resistant cells is in support of 

such a theory. Moreover, genes relevant for epigenetic regulation of gene expression via 

DNA methylation and histone acetylation, such as KDM5D or TET1 (Rodriguez-Paredes 

et al. 2011), were found significantly altered in their expression in resistant cells. We 

consequently analyzed the promotor region of the KIT gene for changes in methylation of 

CpG sites, but we could not identify any significant changes between the different long-

term treated cell lines and the control cell line. However, recent findings of distant 

localized CpG sites, relevant for the regulation of gene expression via DNA methylation, 

add further complication to the interpretation of the results derived from the methylation 

analysis (Maunakea et al. 2010). Moreover, these results do not exclude the involvement of 

other epigenetic mechanisms such as histone acetylation. A definite elucidation of the role 

of the epigenetic mechanisms would thus require further, optimally genome-wide, 

exploration, for example via whole-genome methylation array analysis. These findings also 

warrant further experimental exploration via more powerful techniques such as a RNA 

interference screen (Berns et al. 2007) to identify genes that mediate resistance and allow 

cells to survive even in the absence of the presumable driving oncogenic signal.  
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4.5.  Cells can generate various and complex TKI-resistant phenotypes  

A comparison between the different courses of resistance development support a recurrent 

initial mechanism of resistance based on an increased copy number of c-KIT receptors, 

since the outcome of R12 and R24 cells, treated with 12 nM and 24 nM dasatinib, 

respectively, were similar in all treatment courses. However, variability was observed 

between separate courses, when cells were exposed to 48 nM dasatinib. While c-KIT was 

almost completely lost in cells derived from one course, its expression maintained on a 

high level in those derived from remaining courses. This variability was surprising, given 

the fact that the same protocol was applied to all courses and constant cell densities, 

inhibitor doses, and time intervals of dose escalation were used. To be compatible with a 

consistent resistance mechanism one would have anticipated a reproducible response to 

treatment. However, when a look at cases of acquired resistance in patients following TKI 

treatment, e.g. targeting mutated c-KIT in GIST, also reveals such variability of underlying 

mechanisms (Pierotti et al. 2011). Interestingly, several mechanisms that account for 

acquired resistance to targeted therapy in c-KIT mutated GIST, namely activation of 

downstream ERK, activation of alternative tyrosine kinases, and amplification or loss of c-

KIT, were also found in this study. This similarity displayed in the mechanisms of TKI 

resistance by different cancers upon inhibition of the same molecule is remarkable. Even 

more remarkable is the fact that the heterogeneity in resistance mechanisms found in 

GISTs occurred in this study in parallel upon treatment of a, at least apparently, identical 

cell line. The apparent discrepancy in response to treatment might thus simply reflect 

underlying phenotypic variability within the treated cell population. Dynamic proteomics 

exist in individual cancer cells in response to drug treatment (Cohen et al. 2008) and a 

continuous phenotypic range or non-genetic heterogeneity associated with significant 

fluctuations in protein expression and drug sensitivity is a known phenomenon in cancer 

biology, even for a genetically identical and apparently uniform cell population such as a 

cell line (Brock et al. 2009). It has been proposed that the requirement of an evolutionary 

adaptation, such as development of tolerance to a drug under selective pressure, may be 

fulfilled by randomly phenotypically differing cells in the tumor cell population that 

display activation of signaling pathways distinct from the bulk of tumor cells and 

independent of the driving oncogene, thus leading to a growth advantage of these cells and 

subsequent expansion of a subpopulation of cells in a fitter state capable of surviving in 

presence of the drug (Brock et al. 2009). In such a scenario, the entire population of cancer 



 

 45 

cells would thereby transiently shift, possibly driven by epigenetic changes, to a less 

sensitive state under the chronic stress of therapy and regain drug sensitivity when therapy 

is stopped and the population shifts back to its original state (Sharma et al. 2010b, Baylin 

2011). In this study, the quick regression of resistance after treatment stop, its preserved 

dose dependence, and the observed switch in cell signaling would be consistent with such 

bidirectional dynamics that lead to increased drug tolerance by generation and/or selection 

of transient less drug-sensitive phenotypes. The variability in the molecular response to 

long-term dasatinib exposure despite apparently identical treatment regimens and constant 

culture conditions could ultimately be due to variations in yet unknown or disregarded 

factors, such as population context (Snijder et al. 2011). 

4.6. Clinical implications  

The concept of oncogene addiction, which implies that cancer cells become dependent on 

the continuous activity of a single oncogene and thus undergo apoptosis upon its acute 

inactivation - a state referred to as the Achilles’ heel of cancer - represents the main 

rationale for targeting oncogenic activated tyrosine kinases in cancer cells (Weinstein et al. 

2006, Weinstein 2002). However, the exact molecular mechanisms explaining oncogene 

addiction and acquired resistance to targeted therapy remain elusive (Sharma et al. 2007, 

Luo et al. 2009). Likewise, the optimal therapeutic strategy is subject to ongoing debate 

(Weinstein et al. 2006, Sharma et al. 2007, Antonescu 2011). 

Reactivation of the targeted kinase by secondary site mutations initially emerged as a 

paradigm of secondary resistance to TKIs and next-generation inhibitors with distinct 

kinase binding properties were developed to overcome resistance; however, it became clear 

that acquired resistance also occurs with these inhibitors and that a single agent will 

probably be insufficient to achieve durable responses in most patients (Antonescu 2011). 

Combinational therapy was subsequently proposed as a new strategy to overcome acquired 

resistance to TKIs (Weinstein et al. 2006, Knight et al. 2010). The rationale for this 

approach stems form the observation that drug resistance can occur due to activation of 

alternative kinases, a resistant state that could theoretically be overpowered by targeting 

these kinases concurrently to prevent resistance or sequentially to overcome resistance 

after it has occurred (Knight et al. 2010). Proof of principle of this concept was made in 

EGFR mutated lung cancer, where acquired resistance under TKI therapy is recurrently 
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mediated by amplification of the MET kinase and can be successfully overcome by a MET 

inhibitor (Engelman et al. 2007). Although this approach appears promising, it may proof 

difficult to generally overcome resistance by adding just another single therapeutic given 

the variability in resistance mechanisms (Baylin 2011, McDermott et al. 2009). The fact 

that distinct mechanisms of resistance can arise even within the same disease setting, under 

treatment with the same inhibitor, and maybe even within the same patient makes 

strategies of resistance-directed inhibitors challenging (McDermott et al. 2009), a difficulty 

that is also reflected in the variability and complexity of resistant phenotypes observed in 

this study. A further limitation to the strategy of combinational therapy to specifically 

target resistance-mediating molecules is the possibility that some molecules implicated in 

resistance might currently not be “druggable”, because no specific inhibitor is clinically 

available.  

The experience of acquired resistance with current TKI therapies also raises questions 

regarding the proper dosing and application schedule (Bixby et al. 2008, Condorelli et al. 

2010). So far, the standard application of TKIs consists in continuous dosing, modeled 

after imatinib therapy in CML (Chapman et al. 2011, Tsao et al. 2005, Jonker et al. 2007, 

Stone et al. 2005). However, in diseases other than CML, this approach to TKI therapy 

yield only short-lived clinical responses and almost inevitably results in development of 

resistance and disease progression (Engelman et al. 2008). Giving the occurrence of 

resistance with continuous TKI dosing, the question arises whether alternative-application 

strategies could provide a way to limit acquisition of resistance (Bixby et al. 2008). In fact, 

mathematical models of drug resistance to TKIs suggest that a pulsed administration 

strategy may positively influence time to resistance acquisition without decreasing efficacy 

of the drugs (Foo et al. 2009) and at least in case of CML, transient inhibition of BCR-

ABL with dasatinib achieved response rates similar to chronic continuous treatment, 

demonstrating that intermittent kinase inhibition is able to achieve durable responses as 

well (Shah et al. 2008, Shah et al. 2010). Previous studies described reversible drug-

tolerant states upon TKI therapy (Sharma et al. 2010b) and clinical reports of re-treatment 

responses with the same TKI after discontinuation of treatment in case of EGFR mutated 

lung cancer (Yano et al. 2005, Kurata et al. 2004, Sequist et al. 2011). In line with these 

findings, this study indicates that resistance to dasatinib in c-KIT mutated t(8;21) AML 

may also be reversible and may provide the option to re-sensitize a resistant cell population 

by a short period of inhibitor discontinuation. Our in vitro findings certainly have 

limitations and additional studies will have to evaluate their in vivo relevance before any 
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conclusion for clinical practice can be drawn. However, cell line-based models have been 

predictive of clinical observations before (Engelman et al. 2007) and significantly 

contributed to the understanding of acquired resistance to TKIs (Sharma et al. 2010a). If 

the phenomenon of reversible drug-tolerant states and the possibility of successful re-

treatment after a brief “treatment holiday” are not limited to some cases of EGFR mutated 

lung cancer, but turn out to be more generally applicable, intermittent inhibitor application 

could represent a therapeutic option that may bear the potential of delaying or 

circumventing acquired resistance towards TKIs. 
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5. Summary 

Activating mutations in the tyrosine kinase c-KIT are common in a subgroup of acute 

myeloid leukemia characterized by the cytogenetic abnormality t(8;21), contribute to 

leukemic transformation, and are clinically associated with an inferior prognosis in this 

subset. Mutated c-KIT thus represents a promising candidate for targeted therapy with 

small molecule inhibitors in acute myeloid leukemia. The tyrosine kinase inhibitor 

dasatinib effectively inhibits mutated c-KIT and leads to apoptosis of leukemic cells with 

t(8;21) and activating c-KIT mutation in vitro and in vivo. Accordingly, clinical trials 

testing dasatinib in patients with t(8;21) acute myeloid leukemia are currently under way. 

Tyrosine kinase inhibitors represent an effective treatment option in selected tyrosine 

kinase-driven cancers, but clinical efficiency is ultimately limited due to acquisition of 

drug resistance. It is widely accepted that TKI therapy leads to acquired resistance in most, 

if not all, cases in diseases other than chronic myeloid leukemia and early clinical 

experience suggests that this also applies to dasatinib in c-KIT mutated t(8;21) acute 

myeloid leukemia. The molecular mechanisms that underlie acquired resistance to 

dasatinib are only beginning to be understood and may include secondary kinase domain 

mutations, amplification of the target kinase, and activation of alternative survival 

pathways. Based on prior studies in other cancers that described reversible drug-tolerant 

states, driven by non-genetic mechanisms, upon TKI therapy we hypothesized that similar 

modifications occur with dasatinib treatment of c-KIT mutated t(8;21) acute myeloid 

leukemia cells. Consequently, the aim of this study was to investigate effects on drug-

sensitivity and associated molecular alterations of the established c-KIT mutated t(8;21) 

acute myeloid leukemia cell line Kasumi-1 under long-term exposure to clinical attained 

doses of dasatinib and to test whether resulting modifications are of transient nature and 

hence reversible. 

We found that prolonged exposure of Kasumi-1 cells to various doses of dasatinib leads to 

development of resistance over time. In our model, resistance is paralleled by alterations in 

c-KIT expression as well as modifications in cell signaling and gene expression. 

Importantly, we show that resistance develops in the absence of additional mutations in the 

target gene. Instead our findings imply that resistance occurs via, at least, two distinct 

resistance-conferring mechanisms: overexpression of c-KIT and down-regulation of c-KIT 

along with activation of alternative survival pathways. We established up-regulation of c-
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KIT as the early and inherent molecular mechanism that enables continuously dasatinib-

exposed cells to tolerate the inhibitory and pro-apoptotic effect of dasatinib by retaining 

sufficient oncogenic c-KIT signal despite presence of the inhibitor. Under prolonged 

exposure to higher inhibitor doses, we identified loss of c-KIT with oncogenic switch to 

compensatory signaling pathways as an alternative molecular resistance mechanims that 

was associated with profound changes in gene expression profile. Remarkably, resistance 

and associated molecular modifications were in any case transient and rapidly reversible 

upon cessation of dasatinib exposure. 

Sophisticated disease stratification and careful selection of suitable patients provides the 

basis for successful implementation of tyrosine kinase inhibitors into AML therapy. At the 

same time, an understanding of the molecular mechanisms underlying acquired resistance 

to these inhibitors will be crucial for optimally guiding therapy. Here we present first 

molecular insight into dasatinib resistance in c-KIT mutated t(8;21) acute myeloid 

leukemia. Our findings demonstrate that acquired resistance to a tyrosine kinase inhibitor 

does not necessarily require genetic modifications, but can arise as a consequence of 

potentially reversible non-genetic mechanisms, suggesting additional therapeutic 

strategies.  
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Appendix 

Table 1: Chip array analysis in detail: R48 cells in comparison to parental control cells (K). 
Genes with an at least 4-fold change were taken into analysis. FLT3 and c-KIT are highlighted in 
bolt letters. 
 

Fold-
change 
K vs R48 

Fold-
change 
R48 vs K Gene symbol Gene description 

0,01 196,08 LYZ lysozyme (renal amyloidosis) 
0,01 163,93 TARP TCR gamma alternate reading frame protein 
0,01 163,93 TARP TCR gamma alternate reading frame protein 
0,01 126,58 IRF8 interferon regulatory factor 8 
0,01 120,48 SLC44A1 solute carrier family 44, member 1 
0,01 119,05 SNORD116-17 small nucleolar RNA, C/D box 116-17 
0,01 119,05 SNORD116-17 small nucleolar RNA, C/D box 116-17 
0,01 111,11 SNORD116-15 small nucleolar RNA, C/D box 116-15 
0,01 101,01 HORMAD1 HORMA domain containing 1 
0,01 100,00 SNORD116-14 small nucleolar RNA, C/D box 116-14 
0,01 83,33 C20orf103 chromosome 20 open reading frame 103 

0,01 83,33 ITGAL 
integrin, alpha L (antigen CD11A (p180), lymphocyte function-associated antigen 1; 
alpha polypeptide) 

0,01 71,43 BEX1 brain expressed, X-linked 1 
0,01 71,43 SNORD116-21 small nucleolar RNA, C/D box 116-21 
0,02 66,67 FGL2 fibrinogen-like 2 
0,02 58,82 DDX3Y DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked 
0,02 47,62 RPS4Y1 ribosomal protein S4, Y-linked 1 
0,02 45,45 FLT3 fms-related tyrosine kinase 3 
0,02 45,45 SNORD116-20 small nucleolar RNA, C/D box 116-20 
0,03 38,46 MS4A6A membrane-spanning 4-domains, subfamily A, member 6A 
0,03 38,46 SERPINB8 serpin peptidase inhibitor, clade B (ovalbumin), member 8 
0,03 37,04 CCR2 chemokine (C-C motif) receptor 2 
0,03 37,04 ENPP2 ectonucleotide pyrophosphatase/phosphodiesterase 2 
0,03 37,04 MEIS1 Meis homeobox 1 
0,03 37,04 TDRD7 tudor domain containing 7 
0,03 35,71 KYNU kynureninase (L-kynurenine hydrolase) 
0,03 34,48 DOCK10 dedicator of cytokinesis 10 
0,03 32,26 ATP8B4 ATPase, class I, type 8B, member 4 
0,03 31,25 LY86 lymphocyte antigen 86 
0,03 31,25 WDR49 WD repeat domain 49 
0,03 30,30 SATB2 SATB homeobox 2 
0,04 28,57 S100A10 S100 calcium binding protein A10 
0,04 28,57 UNC5C unc-5 homolog C (C. elegans) 
0,04 27,03 CXorf21 chromosome X open reading frame 21 
0,04 27,03 TFEC transcription factor EC 
0,04 27,03 ZNF626 zinc finger protein 626 
0,04 26,32 CCR2 chemokine (C-C motif) receptor 2 
0,04 26,32 FRY furry homolog (Drosophila) 
0,04 26,32 LGALS1 lectin, galactoside-binding, soluble, 1 
0,04 24,39 CTSG cathepsin G 
0,04 24,39 DPYD dihydropyrimidine dehydrogenase 
0,04 24,39 TRIM22 tripartite motif-containing 22 
0,04 23,81 UTY ubiquitously transcribed tetratricopeptide repeat gene, Y-linked 
0,05 22,22 AHNAK AHNAK nucleoprotein 
0,05 22,22 SLC22A15 solute carrier family 22, member 15 
0,05 22,22 SLFN11 schlafen family member 11 
0,05 21,74 ANKRD18A ankyrin repeat domain 18A 
0,05 21,74 PBX3 pre-B-cell leukemia homeobox 3 
0,05 21,28 MT1F metallothionein 1F 
0,05 19,61 LAPTM5 lysosomal protein transmembrane 5 
0,05 19,61 PTPN12 protein tyrosine phosphatase, non-receptor type 12 
0,05 19,23 C5orf20 chromosome 5 open reading frame 20 
0,05 19,23 C8orf15 chromosome 8 open reading frame 15 
0,05 19,23 CAPG capping protein (actin filament), gelsolin-like 
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0,05 19,23 CYorf15B chromosome Y open reading frame 15B 
0,05 19,23 NOTCH2 Notch homolog 2 (Drosophila) 
0,05 18,52 DOCK5 dedicator of cytokinesis 5 
0,06 17,86 CPEB2 cytoplasmic polyadenylation element binding protein 2 
0,06 17,86 CPM carboxypeptidase M 
0,06 17,86 DYSFIP1 dysferlin interacting protein 1 
0,06 17,86 HCK hemopoietic cell kinase 
0,06 17,24 PIWIL4 piwi-like 4 (Drosophila) 
0,06 16,95 AFF3 AF4/FMR2 family, member 3 
0,06 16,95 CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 
0,06 16,95 EIF1AY eukaryotic translation initiation factor 1A, Y-linked 
0,06 16,95 SLC1A3 solute carrier family 1 (glial high affinity glutamate transporter), member 3 
0,06 16,39 ADD2 adducin 2 (beta) 

0,06 16,13 KCNN2 
potassium intermediate/small conductance calcium-activated channel, subfamily N, 
member 2 

0,06 16,13 KDM5D lysine (K)-specific demethylase 5D 
0,06 16,13 MS4A3 membrane-spanning 4-domains, subfamily A, member 3 (hematopoietic cell-specific) 
0,06 15,63 GAS6 growth arrest-specific 6 
0,06 15,63 ZNF350 zinc finger protein 350 
0,07 15,38 CYorf15A chromosome Y open reading frame 15A 
0,07 15,15 AIM1 absent in melanoma 1 
0,07 15,15 ZNF585B zinc finger protein 585B 
0,07 14,93 C9orf64 chromosome 9 open reading frame 64 
0,07 14,71 SRGN serglycin 
0,07 14,49 CCDC144A coiled-coil domain containing 144A 
0,07 14,29 SNORD116-8 small nucleolar RNA, C/D box 116-8 
0,07 14,08 CSMD3 CUB and Sushi multiple domains 3 
0,07 14,08 HAL histidine ammonia-lyase 
0,07 13,89 MYEF2 myelin expression factor 2 
0,07 13,70 PAR5 Prader-Willi/Angelman syndrome-5 

0,07 13,51 LILRB4 
leukocyte immunoglobulin-like receptor, subfamily B (with TM and ITIM domains), 
member 4 

0,08 13,33 CLEC2D C-type lectin domain family 2, member D 
0,08 13,16 ANXA1 annexin A1 
0,08 13,16 LCMT2 leucine carboxyl methyltransferase 2 
0,08 12,99 HCST hematopoietic cell signal transducer 
0,08 12,82 CCDC144A coiled-coil domain containing 144A 
0,08 12,82 VIM vimentin 
0,08 12,66 MYO1F myosin IF 
0,08 12,66 RXFP1 relaxin/insulin-like family peptide receptor 1 
0,08 12,66 SPNS3 spinster homolog 3 (Drosophila) 
0,08 12,50 SNORD116-24 small nucleolar RNA, C/D box 116-24 
0,08 12,35 CCNA1 cyclin A1 

0,08 12,35 WHAMML1 
WAS protein homolog associated with actin, golgi membranes and microtubules-like 
1 

0,08 12,05 CXCR4 chemokine (C-X-C motif) receptor 4 
0,08 12,05 FOS FBJ murine osteosarcoma viral oncogene homolog 
0,08 11,90 PLP2 proteolipid protein 2 (colonic epithelium-enriched) 
0,08 11,90 SYK spleen tyrosine kinase 
0,09 11,63 ATP6V0A1 ATPase, H+ transporting, lysosomal V0 subunit a1 
0,09 11,63 IL6R interleukin 6 receptor 
0,09 11,63 LCP1 lymphocyte cytosolic protein 1 (L-plastin) 
0,09 11,63 NLRP3 NLR family, pyrin domain containing 3 
0,09 11,49 DPYSL2 dihydropyrimidinase-like 2 
0,09 11,36 LGR4 leucine-rich repeat-containing G protein-coupled receptor 4 
0,09 11,24 UTRN utrophin 
0,09 11,11 ACSM3 acyl-CoA synthetase medium-chain family member 3 
0,09 11,11 CD68 CD68 molecule 
0,09 10,99 CD180 CD180 molecule 
0,09 10,99 TLR2 toll-like receptor 2 
0,09 10,87 NDFIP2 Nedd4 family interacting protein 2 
0,09 10,87 SNRPN small nuclear ribonucleoprotein polypeptide N 
0,09 10,75 CASP1 caspase 1, apoptosis-related cysteine peptidase (interleukin 1, beta, convertase) 
0,09 10,64 C8orf16 chromosome 8 open reading frame 16 
0,10 10,42 INHBA inhibin, beta A 
0,10 10,31 IL1RAP interleukin 1 receptor accessory protein 
0,10 10,31 PRKCD protein kinase C, delta 
0,10 10,10 SNORD109A small nucleolar RNA, C/D box 109A 
0,10 10,10 SNORD109A small nucleolar RNA, C/D box 109A 
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0,10 10,00 C5orf25 chromosome 5 open reading frame 25 
0,10 10,00 GLIPR1 GLI pathogenesis-related 1 
0,10 10,00 LAT2 linker for activation of T cells family, member 2 
0,10 10,00 PTGER4 prostaglandin E receptor 4 (subtype EP4) 
0,10 10,00 TEX15 testis expressed 15 
0,10 10,00 TRIM16 tripartite motif-containing 16 
0,11 9,09 ANKRD44 ankyrin repeat domain 44 
0,11 9,09 BAZ2B bromodomain adjacent to zinc finger domain, 2B 
0,11 9,09 CASP4 caspase 4, apoptosis-related cysteine peptidase 
0,11 9,09 CES1 carboxylesterase 1 (monocyte/macrophage serine esterase 1) 
0,11 9,09 CHFR checkpoint with forkhead and ring finger domains 
0,11 9,09 FCGR1A Fc fragment of IgG, high affinity Ia, receptor (CD64) 
0,11 9,09 GLCE glucuronic acid epimerase 
0,11 9,09 GPR160 G protein-coupled receptor 160 
0,11 9,09 HOXA9 homeobox A9 
0,11 9,09 HRH2 histamine receptor H2 
0,11 9,09 MIR21 microRNA 21 
0,11 9,09 MT1G metallothionein 1G 
0,11 9,09 NIPAL2 NIPA-like domain containing 2 
0,11 9,09 PLAC8 placenta-specific 8 
0,11 9,09 PRRG4 proline rich Gla (G-carboxyglutamic acid) 4 (transmembrane) 
0,11 9,09 RNASE2 ribonuclease, RNase A family, 2 (liver, eosinophil-derived neurotoxin) 
0,11 9,09 SELPLG selectin P ligand 
0,11 9,09 TTC14 tetratricopeptide repeat domain 14 
0,11 9,09 ZNF185 zinc finger protein 185 (LIM domain) 
0,12 8,33 ACSL5 acyl-CoA synthetase long-chain family member 5 
0,12 8,33 C1orf162 chromosome 1 open reading frame 162 
0,12 8,33 C9orf72 chromosome 9 open reading frame 72 
0,12 8,33 CLEC12A C-type lectin domain family 12, member A 
0,12 8,33 FCGR1A Fc fragment of IgG, high affinity Ia, receptor (CD64) 
0,12 8,33 FCGR1B Fc fragment of IgG, high affinity Ib, receptor (CD64) 
0,12 8,33 GPR132 G protein-coupled receptor 132 
0,12 8,33 IL3RA interleukin 3 receptor, alpha (low affinity) 
0,12 8,33 IL3RA interleukin 3 receptor, alpha (low affinity) 
0,12 8,33 LST1 leukocyte specific transcript 1 
0,12 8,33 LST1 leukocyte specific transcript 1 
0,12 8,33 LST1 leukocyte specific transcript 1 
0,12 8,33 MS4A7 membrane-spanning 4-domains, subfamily A, member 7 
0,12 8,33 PDE4DIP phosphodiesterase 4D interacting protein 

0,12 8,33 SERPINF1 
serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, pigment epithelium derived 
factor), member 1 

0,12 8,33 TTC39C tetratricopeptide repeat domain 39C 
0,12 8,33 ZNF93 zinc finger protein 93 
0,13 7,69 AIF1 allograft inflammatory factor 1 
0,13 7,69 AIF1 allograft inflammatory factor 1 
0,13 7,69 AIF1 allograft inflammatory factor 1 
0,13 7,69 C16orf62 chromosome 16 open reading frame 62 
0,13 7,69 CCDC144C coiled-coil domain containing 144C 
0,13 7,69 EMB embigin homolog (mouse) 
0,13 7,69 EMR2 egf-like module containing, mucin-like, hormone receptor-like 2 
0,13 7,69 FLNA filamin A, alpha 
0,13 7,69 LPXN leupaxin 
0,13 7,69 MEF2D myocyte enhancer factor 2D 
0,13 7,69 NKG7 natural killer cell group 7 sequence 
0,13 7,69 P2RY2 purinergic receptor P2Y, G-protein coupled, 2 
0,13 7,69 PYCARD PYD and CARD domain containing 
0,13 7,69 RPS6KA1 ribosomal protein S6 kinase, 90kDa, polypeptide 1 
0,13 7,69 SAMD9 sterile alpha motif domain containing 9 
0,13 7,69 SNORD116-3 small nucleolar RNA, C/D box 116-3 
0,13 7,69 SNORD116-3 small nucleolar RNA, C/D box 116-3 
0,13 7,69 SNORD116-5 small nucleolar RNA, C/D box 116-5 
0,13 7,69 SNORD116-5 small nucleolar RNA, C/D box 116-5 
0,14 7,14 C3orf14 chromosome 3 open reading frame 14 
0,14 7,14 CCNYL1 cyclin Y-like 1 
0,14 7,14 CD300LF CD300 molecule-like family member f 
0,14 7,14 CXorf42 chromosome X open reading frame 42 
0,14 7,14 hCG_1645516 hypothetical protein LOC731220 
0,14 7,14 IL17RA interleukin 17 receptor A 
0,14 7,14 KIAA0746 KIAA0746 protein 
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0,14 7,14 NCALD neurocalcin delta 
0,14 7,14 SERPINI2 serpin peptidase inhibitor, clade I (pancpin), member 2 
0,14 7,14 SFXN3 sideroflexin 3 
0,14 7,14 TRIM16L tripartite motif-containing 16-like 
0,14 7,14 ZNF66 zinc finger protein 66 
0,15 6,67 ACPP acid phosphatase, prostate 
0,15 6,67 ATP11B ATPase, class VI, type 11B 
0,15 6,67 B3GNT7 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 7 
0,15 6,67 CYTH4 cytohesin 4 
0,15 6,67 GIMAP2 GTPase, IMAP family member 2 
0,15 6,67 GOLGA9P golgi autoantigen, golgin subfamily a, 9 pseudogene 
0,15 6,67 IRX3 iroquois homeobox 3 
0,15 6,67 ITGA7 integrin, alpha 7 
0,15 6,67 ITGB2 integrin, beta 2 (complement component 3 receptor 3 and 4 subunit) 
0,15 6,67 PGCP plasma glutamate carboxypeptidase 
0,15 6,67 PION pigeon homolog (Drosophila) 
0,15 6,67 RMND5B required for meiotic nuclear division 5 homolog B (S. cerevisiae) 
0,15 6,67 THSD7A thrombospondin, type I, domain containing 7A 
0,15 6,67 TLE4 transducin-like enhancer of split 4 (E(sp1) homolog, Drosophila) 
0,15 6,67 UNC93B1 unc-93 homolog B1 (C. elegans) 
0,15 6,67 ZNF253 zinc finger protein 253 
0,16 6,25 ABR active BCR-related gene 
0,16 6,25 BCL2 B-cell CLL/lymphoma 2 
0,16 6,25 CDKN2A cyclin-dependent kinase inhibitor 2A (melanoma, p16, inhibits CDK4) 
0,16 6,25 CPS1 carbamoyl-phosphate synthetase 1, mitochondrial 
0,16 6,25 HNMT histamine N-methyltransferase 
0,16 6,25 MTX3 metaxin 3 
0,16 6,25 NAGA N-acetylgalactosaminidase, alpha- 
0,16 6,25 PION pigeon homolog (Drosophila) 
0,16 6,25 RNASE3 ribonuclease, RNase A family, 3 (eosinophil cationic protein) 
0,16 6,25 SNTB1 syntrophin, beta 1 (dystrophin-associated protein A1, 59kDa, basic component 1) 
0,16 6,25 TNS3 tensin 3 
0,16 6,25 VIT vitrin 
0,16 6,25 ZNF100 zinc finger protein 100 
0,17 5,88 AAK1 AP2 associated kinase 1 
0,17 5,88 C22orf9 chromosome 22 open reading frame 9 
0,17 5,88 CLTCL1 clathrin, heavy chain-like 1 
0,17 5,88 EPB41L3 erythrocyte membrane protein band 4.1-like 3 
0,17 5,88 EVI2B ecotropic viral integration site 2B 
0,17 5,88 GRB10 growth factor receptor-bound protein 10 
0,17 5,88 IGF2BP1 insulin-like growth factor 2 mRNA binding protein 1 
0,17 5,88 MUC19 mucin 19, oligomeric 
0,17 5,88 P2RY8 purinergic receptor P2Y, G-protein coupled, 8 
0,17 5,88 P2RY8 purinergic receptor P2Y, G-protein coupled, 8 
0,17 5,88 WDFY1 WD repeat and FYVE domain containing 1 
0,17 5,88 ZNF506 zinc finger protein 506 
0,17 5,88 ZNF562 zinc finger protein 562 
0,18 5,56 AP1S2 adaptor-related protein complex 1, sigma 2 subunit 
0,18 5,56 APOC2 apolipoprotein C-II 
0,18 5,56 ATP10D ATPase, class V, type 10D 
0,18 5,56 C3 complement component 3 
0,18 5,56 CYTSB cytospin B 
0,18 5,56 GCA grancalcin, EF-hand calcium binding protein 
0,18 5,56 LPHN3 latrophilin 3 
0,18 5,56 MICAL1 microtubule associated monoxygenase, calponin and LIM domain containing 1 
0,18 5,56 MT1E metallothionein 1E 
0,18 5,56 PARVG parvin, gamma 
0,18 5,56 PDE3B phosphodiesterase 3B, cGMP-inhibited 
0,18 5,56 RAB3D RAB3D, member RAS oncogene family 
0,18 5,56 RRM2B ribonucleotide reductase M2 B (TP53 inducible) 
0,18 5,56 TGM5 transglutaminase 5 
0,18 5,56 TPD52 tumor protein D52 
0,18 5,56 TTC7A tetratricopeptide repeat domain 7A 
0,18 5,56 ZFY zinc finger protein, Y-linked 
0,19 5,26 ACSL1 acyl-CoA synthetase long-chain family member 1 
0,19 5,26 APOLD1 apolipoprotein L domain containing 1 
0,19 5,26 BIN2 bridging integrator 2 
0,19 5,26 C17orf60 chromosome 17 open reading frame 60 
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0,19 5,26 CD82 CD82 molecule 
0,19 5,26 CSF2RA colony stimulating factor 2 receptor, alpha, low-affinity (granulocyte-macrophage) 
0,19 5,26 CSF2RA colony stimulating factor 2 receptor, alpha, low-affinity (granulocyte-macrophage) 
0,19 5,26 DUSP3 dual specificity phosphatase 3 
0,19 5,26 IL8RB interleukin 8 receptor, beta 
0,19 5,26 LAMC1 laminin, gamma 1 (formerly LAMB2) 
0,19 5,26 PLD4 phospholipase D family, member 4 
0,19 5,26 PTPN14 protein tyrosine phosphatase, non-receptor type 14 
0,19 5,26 PTPRJ protein tyrosine phosphatase, receptor type, J 
0,19 5,26 RASSF2 Ras association (RalGDS/AF-6) domain family member 2 
0,19 5,26 RASSF5 Ras association (RalGDS/AF-6) domain family member 5 
0,19 5,26 SNORD116-6 small nucleolar RNA, C/D box 116-6 
0,19 5,26 TCIRG1 T-cell, immune regulator 1, ATPase, H+ transporting, lysosomal V0 subunit A3 
0,19 5,26 TYROBP TYRO protein tyrosine kinase binding protein 
0,19 5,26 XAF1 XIAP associated factor 1 
0,19 5,26 ZNF431 zinc finger protein 431 
0,20 5,00 ADCY7 adenylate cyclase 7 
0,20 5,00 AOAH acyloxyacyl hydrolase (neutrophil) 
0,20 5,00 CTSS cathepsin S 
0,20 5,00 GPC3 glypican 3 
0,20 5,00 NUDT7 nudix (nucleoside diphosphate linked moiety X)-type motif 7 
0,20 5,00 PTK2B PTK2B protein tyrosine kinase 2 beta 
0,20 5,00 SERPINB2 serpin peptidase inhibitor, clade B (ovalbumin), member 2 
0,21 4,76 ADCY9 adenylate cyclase 9 
0,21 4,76 DENND2D DENN/MADD domain containing 2D 
0,21 4,76 DTNA dystrobrevin, alpha 
0,21 4,76 FAM101B family with sequence similarity 101, member B 
0,21 4,76 PLK2 polo-like kinase 2 (Drosophila) 
0,21 4,76 PREX1 phosphatidylinositol-3,4,5-trisphosphate-dependent Rac exchange factor 1 
0,21 4,76 RASA3 RAS p21 protein activator 3 
0,21 4,76 REEP6 receptor accessory protein 6 
0,21 4,76 SLC43A3 solute carrier family 43, member 3 
0,21 4,76 UBA7 ubiquitin-like modifier activating enzyme 7 
0,21 4,76 VAV1 vav 1 guanine nucleotide exchange factor 
0,22 4,55 ASS1 argininosuccinate synthetase 1 
0,22 4,55 C12orf56 chromosome 12 open reading frame 56 
0,22 4,55 CD74 CD74 molecule, major histocompatibility complex, class II invariant chain 
0,22 4,55 CPNE8 copine VIII 
0,22 4,55 HMHA1 histocompatibility (minor) HA-1 
0,22 4,55 ITGB7 integrin, beta 7 
0,22 4,55 MKNK1 MAP kinase interacting serine/threonine kinase 1 
0,22 4,55 NRG4 neuregulin 4 
0,22 4,55 PHC3 polyhomeotic homolog 3 (Drosophila) 
0,22 4,55 PTPN22 protein tyrosine phosphatase, non-receptor type 22 (lymphoid) 
0,22 4,55 SLC2A9 solute carrier family 2 (facilitated glucose transporter), member 9 
0,22 4,55 STXBP1 syntaxin binding protein 1 
0,22 4,55 TNFRSF10B tumor necrosis factor receptor superfamily, member 10b 
0,23 4,35 AAK1 AP2 associated kinase 1 
0,23 4,35 ANKFN1 ankyrin-repeat and fibronectin type III domain containing 1 
0,23 4,35 ARHGAP17 Rho GTPase activating protein 17 
0,23 4,35 ATRN attractin 
0,23 4,35 C5 complement component 5 
0,23 4,35 CYTIP cytohesin 1 interacting protein 
0,23 4,35 F3 coagulation factor III (thromboplastin, tissue factor) 
0,23 4,35 FCER2 Fc fragment of IgE, low affinity II, receptor for (CD23) 
0,23 4,35 GBGT1 globoside alpha-1,3-N-acetylgalactosaminyltransferase 1 
0,23 4,35 hCG_2039146 UPF0626 protein A 
0,23 4,35 MR1 major histocompatibility complex, class I-related 
0,23 4,35 MYL12A myosin, light chain 12A, regulatory, non-sarcomeric 
0,23 4,35 PCCA propionyl Coenzyme A carboxylase, alpha polypeptide 
0,23 4,35 PIK3AP1 phosphoinositide-3-kinase adaptor protein 1 
0,23 4,35 UEVLD UEV and lactate/malate dehyrogenase domains 
0,23 4,35 ZNF426 zinc finger protein 426 
0,23 4,35 ZNF613 zinc finger protein 613 
0,24 4,17 ATP1A3 ATPase, Na+/K+ transporting, alpha 3 polypeptide 
0,24 4,17 CAPN3 calpain 3, (p94) 
0,24 4,17 CD84 CD84 molecule 
0,24 4,17 CSPG4 chondroitin sulfate proteoglycan 4 
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0,24 4,17 EBF3 early B-cell factor 3 
0,24 4,17 FAM105A family with sequence similarity 105, member A 
0,24 4,17 FAM106A family with sequence similarity 106, member A 
0,24 4,17 INSR insulin receptor 

0,24 4,17 
LOC10013143
4 hypothetical LOC100131434 

0,24 4,17 MMP14 matrix metallopeptidase 14 (membrane-inserted) 
0,24 4,17 NXF3 nuclear RNA export factor 3 
0,24 4,17 PLCB2 phospholipase C, beta 2 
0,24 4,17 PTPN6 protein tyrosine phosphatase, non-receptor type 6 
0,24 4,17 RNASEL ribonuclease L (2',5'-oligoisoadenylate synthetase-dependent) 
0,24 4,17 TMEM71 transmembrane protein 71 
0,24 4,17 UACA uveal autoantigen with coiled-coil domains and ankyrin repeats 
0,24 4,17 ZFP36 zinc finger protein 36, C3H type, homolog (mouse) 
0,24 4,17 ZNF117 zinc finger protein 117 
0,24 4,17 ZNF285A zinc finger protein 285A 
0,25 4,00 ABCA2 ATP-binding cassette, sub-family A (ABC1), member 2 
0,25 4,00 AMY2A amylase, alpha 2A (pancreatic) 
0,25 4,00 ARHGAP1 Rho GTPase activating protein 1 
0,25 4,00 CDRT1 CMT1A duplicated region transcript 1 
0,25 4,00 CSF1R colony stimulating factor 1 receptor 
0,25 4,00 HLA-DRA major histocompatibility complex, class II, DR alpha 
0,25 4,00 MOBKL2A MOB1, Mps One Binder kinase activator-like 2A (yeast) 
0,25 4,00 NDRG1 N-myc downstream regulated 1 
0,25 4,00 PPDPF pancreatic progenitor cell differentiation and proliferation factor homolog (zebrafish) 
0,25 4,00 RPS27L ribosomal protein S27-like 
0,25 4,00 SAMHD1 SAM domain and HD domain 1 
0,25 4,00 VAT1L vesicle amine transport protein 1 homolog (T. californica)-like 

33,48 0,03 CD69 CD69 molecule 
29,63 0,03 C1orf186 chromosome 1 open reading frame 186 
25,68 0,04 RHOBTB3 Rho-related BTB domain containing 3 
25,20 0,04 LRP6 low density lipoprotein receptor-related protein 6 
23,01 0,04 GTSF1 gametocyte specific factor 1 
21,69 0,05 SLC38A1 solute carrier family 38, member 1 
20,97 0,05 TMEFF1 transmembrane protein with EGF-like and two follistatin-like domains 1 
20,18 0,05 CLGN calmegin 
20,08 0,05 ZNF711 zinc finger protein 711 
19,28 0,05 CLEC5A C-type lectin domain family 5, member A 
19,24 0,05 COCH coagulation factor C homolog, cochlin (Limulus polyphemus) 
18,93 0,05 FZD6 frizzled homolog 6 (Drosophila) 
18,56 0,05 FNBP1L formin binding protein 1-like 
18,11 0,06 TES testis derived transcript (3 LIM domains) 
18,01 0,06 BIVM basic, immunoglobulin-like variable motif containing 
17,98 0,06 MCTP2 multiple C2 domains, transmembrane 2 
17,52 0,06 SPTBN1 spectrin, beta, non-erythrocytic 1 
16,91 0,06 SLC37A3 solute carrier family 37 (glycerol-3-phosphate transporter), member 3 
16,91 0,06 AADAT aminoadipate aminotransferase 
16,66 0,06 SLC7A2 solute carrier family 7 (cationic amino acid transporter, y+ system), member 2 
16,46 0,06 ERG v-ets erythroblastosis virus E26 oncogene homolog (avian) 
16,44 0,06 CD34 CD34 molecule 
16,29 0,06 IGF2BP3 insulin-like growth factor 2 mRNA binding protein 3 
16,27 0,06 RANBP17 RAN binding protein 17 
16,25 0,06 KDELC1 KDEL (Lys-Asp-Glu-Leu) containing 1 
16,07 0,06 MEST mesoderm specific transcript homolog (mouse) 
15,79 0,06 LOC374491 TPTE and PTEN homologous inositol lipid phosphatase pseudogene 
15,73 0,06 ANPEP alanyl (membrane) aminopeptidase 
15,66 0,06 ZNF141 zinc finger protein 141 
15,57 0,06 HGF hepatocyte growth factor (hepapoietin A; scatter factor) 
15,48 0,06 SLCO5A1 solute carrier organic anion transporter family, member 5A1 
15,34 0,07 ARID5B AT rich interactive domain 5B (MRF1-like) 
15,03 0,07 FBN2 fibrillin 2 
14,96 0,07 TMTC2 transmembrane and tetratricopeptide repeat containing 2 
14,89 0,07 PHKA1 phosphorylase kinase, alpha 1 (muscle) 
14,75 0,07 CTPS2 CTP synthase II 
14,75 0,07 SLC16A10 solute carrier family 16, member 10 (aromatic amino acid transporter) 
14,68 0,07 PTK2 PTK2 protein tyrosine kinase 2 
14,64 0,07 PLS3 plastin 3 (T isoform) 
14,45 0,07 RUNX1T1 runt-related transcription factor 1; translocated to, 1 (cyclin D-related) 
14,33 0,07 GSTM3 glutathione S-transferase mu 3 (brain) 
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13,98 0,07 ITM2A integral membrane protein 2A 
13,91 0,07 BAMBI BMP and activin membrane-bound inhibitor homolog (Xenopus laevis) 
13,80 0,07 PRNP prion protein 

13,65 0,07 ELOVL6 
ELOVL family member 6, elongation of long chain fatty acids (FEN1/Elo2, 
SUR4/Elo3-like, yeast) 

13,36 0,07 GPX7 glutathione peroxidase 7 
13,28 0,08 TM6SF1 transmembrane 6 superfamily member 1 
13,14 0,08 SLC38A5 solute carrier family 38, member 5 
13,03 0,08 LAPTM4B lysosomal protein transmembrane 4 beta 
12,94 0,08 B3GALNT1 beta-1,3-N-acetylgalactosaminyltransferase 1 (globoside blood group) 
12,82 0,08 GOLM1 golgi membrane protein 1 
12,79 0,08 LOC151009 hypothetical LOC151009 
12,74 0,08 FAM171A1 family with sequence similarity 171, member A1 
12,59 0,08 ITPR2 inositol 1,4,5-triphosphate receptor, type 2 
12,44 0,08 CD96 CD96 molecule 
12,36 0,08 DRAM1 DNA-damage regulated autophagy modulator 1 
11,85 0,08 ADAMTS3 ADAM metallopeptidase with thrombospondin type 1 motif, 3 
11,74 0,09 RTKN2 rhotekin 2 
11,71 0,09 TET1 tet oncogene 1 
11,63 0,09 SV2A synaptic vesicle glycoprotein 2A 
11,62 0,09 IFI16 interferon, gamma-inducible protein 16 
11,54 0,09 SORT1 sortilin 1 
11,44 0,09 FCHO2 FCH domain only 2 
11,42 0,09 IKZF2 IKAROS family zinc finger 2 (Helios) 
11,23 0,09 SLAIN1 SLAIN motif family, member 1 
11,08 0,09 TRIO triple functional domain (PTPRF interacting) 
10,97 0,09 DDAH1 dimethylarginine dimethylaminohydrolase 1 
10,86 0,09 MTSS1 metastasis suppressor 1 
10,81 0,09 RYK RYK receptor-like tyrosine kinase 
10,80 0,09 KCNQ5 potassium voltage-gated channel, KQT-like subfamily, member 5 
10,75 0,09 NCKAP1 NCK-associated protein 1 
10,72 0,09 PECI peroxisomal D3,D2-enoyl-CoA isomerase 
10,65 0,09 SYCP2 synaptonemal complex protein 2 
10,59 0,09 MAGED1 melanoma antigen family D, 1 
10,45 0,10 MSRB3 methionine sulfoxide reductase B3 
10,40 0,10 STXBP5 syntaxin binding protein 5 (tomosyn) 
10,31 0,10 ARHGAP21 Rho GTPase activating protein 21 
10,28 0,10 IL2RG interleukin 2 receptor, gamma (severe combined immunodeficiency) 
10,25 0,10 LAMB1 laminin, beta 1 
10,09 0,10 HDGFRP3 hepatoma-derived growth factor, related protein 3 
10,03 0,10 GCNT2 glucosaminyl (N-acetyl) transferase 2, I-branching enzyme (I blood group) 
10,00 0,10 ZNF83 zinc finger protein 83 

9,93 0,10 GGTA1 glycoprotein, alpha-galactosyltransferase 1 
9,93 0,10 ZEB1 zinc finger E-box binding homeobox 1 
9,86 0,10 PLD1 phospholipase D1, phosphatidylcholine-specific 
9,60 0,10 PON2 paraoxonase 2 
9,60 0,10 MERTK c-mer proto-oncogene tyrosine kinase 
9,59 0,10 ZNF788 zinc finger family member 788 
9,52 0,11 ARRDC3 arrestin domain containing 3 
9,51 0,11 TMSB15A thymosin beta 15a 
9,33 0,11 RHOBTB1 Rho-related BTB domain containing 1 
9,24 0,11 CCDC109B coiled-coil domain containing 109B 
9,23 0,11 PAWR PRKC, apoptosis, WT1, regulator 
9,17 0,11 BEND4 BEN domain containing 4 
9,12 0,11 RBM9 RNA binding motif protein 9 
9,12 0,11 ATP8A1 ATPase, aminophospholipid transporter (APLT), class I, type 8A, member 1 
9,10 0,11 PTH2R parathyroid hormone 2 receptor 
9,09 0,11 CYTL1 cytokine-like 1 
9,08 0,11 CD226 CD226 molecule 
9,06 0,11 PARD3 par-3 partitioning defective 3 homolog (C. elegans) 
9,01 0,11 CHPT1 choline phosphotransferase 1 
8,93 0,11 DAPK1 death-associated protein kinase 1 
8,92 0,11 EPCAM epithelial cell adhesion molecule 

8,89 0,11 CTDSPL 
CTD (carboxy-terminal domain, RNA polymerase II, polypeptide A) small 
phosphatase-like 

8,86 0,11 TSPAN7 tetraspanin 7 
8,84 0,11 ESRP1 epithelial splicing regulatory protein 1 
8,83 0,11 ARHGEF12 Rho guanine nucleotide exchange factor (GEF) 12 
8,65 0,12 SCP2 sterol carrier protein 2 
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8,59 0,12 ALDH7A1 aldehyde dehydrogenase 7 family, member A1 
8,59 0,12 CHRNA5 cholinergic receptor, nicotinic, alpha 5 
8,54 0,12 TSPAN13 tetraspanin 13 
8,49 0,12 GAPT GRB2-binding adaptor protein, transmembrane 
8,45 0,12 RUFY3 RUN and FYVE domain containing 3 
8,44 0,12 NDST1 N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 1 
8,37 0,12 OCIAD2 OCIA domain containing 2 
8,34 0,12 SLC2A3 solute carrier family 2 (facilitated glucose transporter), member 3 
8,20 0,12 IGSF10 immunoglobulin superfamily, member 10 
8,18 0,12 MPO myeloperoxidase 

8,14 0,12 MLLT11 
myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila); 
translocated to, 11 

8,13 0,12 KIF21A kinesin family member 21A 
8,13 0,12 CA8 carbonic anhydrase VIII 
8,13 0,12 FAM171B family with sequence similarity 171, member B 
8,13 0,12 MAML3 mastermind-like 3 (Drosophila) 
8,12 0,12 LOC221442 adenylate cyclase 10 pseudogene 
8,10 0,12 SMAD1 SMAD family member 1 
8,10 0,12 LPGAT1 lysophosphatidylglycerol acyltransferase 1 
8,10 0,12 RNF157 ring finger protein 157 
8,07 0,12 SERPINB6 serpin peptidase inhibitor, clade B (ovalbumin), member 6 
8,04 0,12 CKB creatine kinase, brain 
8,00 0,13 AGK acylglycerol kinase 
7,99 0,13 CD200 CD200 molecule 
7,96 0,13 PGAP1 post-GPI attachment to proteins 1 
7,95 0,13 CNKSR3 CNKSR family member 3 
7,90 0,13 TMEM45A transmembrane protein 45A 
7,85 0,13 ADAM22 ADAM metallopeptidase domain 22 
7,83 0,13 UBASH3B ubiquitin associated and SH3 domain containing, B 
7,75 0,13 PLCG1 phospholipase C, gamma 1 
7,65 0,13 MURC muscle-related coiled-coil protein 
7,53 0,13 NOG noggin 
7,48 0,13 GAB1 GRB2-associated binding protein 1 
7,44 0,13 RAB27B RAB27B, member RAS oncogene family 
7,44 0,13 ROBO1 roundabout, axon guidance receptor, homolog 1 (Drosophila) 
7,37 0,14 ZNF35 zinc finger protein 35 
7,35 0,14 KIF1B kinesin family member 1B 
7,35 0,14 MRFAP1L1 Morf4 family associated protein 1-like 1 
7,33 0,14 C10orf58 chromosome 10 open reading frame 58 
7,31 0,14 ZNF518B zinc finger protein 518B 
7,29 0,14 SLC16A7 solute carrier family 16, member 7 (monocarboxylic acid transporter 2) 
7,26 0,14 JAM3 junctional adhesion molecule 3 
7,20 0,14 SNX9 sorting nexin 9 
7,20 0,14 EIF2AK2 eukaryotic translation initiation factor 2-alpha kinase 2 
7,15 0,14 PLS1 plastin 1 (I isoform) 
7,13 0,14 B4GALT6 UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, polypeptide 6 
7,12 0,14 GYPC glycophorin C (Gerbich blood group) 
7,11 0,14 SLC9A7 solute carrier family 9 (sodium/hydrogen exchanger), member 7 
7,09 0,14 KHDRBS3 KH domain containing, RNA binding, signal transduction associated 3 
7,09 0,14 KLF12 Kruppel-like factor 12 
7,03 0,14 E2F5 E2F transcription factor 5, p130-binding 
7,03 0,14 CMTM7 CKLF-like MARVEL transmembrane domain containing 7 
6,99 0,14 WWC2 WW and C2 domain containing 2 
6,96 0,14 BCAT1 branched chain aminotransferase 1, cytosolic 
6,91 0,14 KLHL13 kelch-like 13 (Drosophila) 
6,90 0,14 APP amyloid beta (A4) precursor protein 
6,89 0,15 TTC7B tetratricopeptide repeat domain 7B 
6,89 0,15 C7orf10 chromosome 7 open reading frame 10 
6,83 0,15 ZNF521 zinc finger protein 521 
6,82 0,15 TSC22D1 TSC22 domain family, member 1 
6,79 0,15 MAP3K15 mitogen-activated protein kinase kinase kinase 15 
6,76 0,15 UBE2E2 ubiquitin-conjugating enzyme E2E 2 (UBC4/5 homolog, yeast) 
6,70 0,15 IPCEF1 interaction protein for cytohesin exchange factors 1 
6,70 0,15 ALDH1L2 aldehyde dehydrogenase 1 family, member L2 
6,68 0,15 DNAJC1 DnaJ (Hsp40) homolog, subfamily C, member 1 
6,65 0,15 ATP11C ATPase, class VI, type 11C 
6,61 0,15 ANKRD22 ankyrin repeat domain 22 
6,54 0,15 ITGAV integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51) 
6,50 0,15 EVC Ellis van Creveld syndrome 
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6,50 0,15 ZFP82 zinc finger protein 82 homolog (mouse) 
6,48 0,15 SLC35D2 solute carrier family 35, member D2 
6,47 0,15 GPAT2 glycerol-3-phosphate acyltransferase 2, mitochondrial 
6,47 0,15 SPARC secreted protein, acidic, cysteine-rich (osteonectin) 
6,41 0,16 PROS1 protein S (alpha) 
6,41 0,16 MBOAT2 membrane bound O-acyltransferase domain containing 2 
6,37 0,16 ITGA6 integrin, alpha 6 
6,37 0,16 DACH1 dachshund homolog 1 (Drosophila) 
6,35 0,16 GSPT2 G1 to S phase transition 2 
6,35 0,16 PGM1 phosphoglucomutase 1 
6,32 0,16 JUP junction plakoglobin 
6,31 0,16 CCDC50 coiled-coil domain containing 50 
6,26 0,16 DLL3 delta-like 3 (Drosophila) 
6,24 0,16 DAB2 disabled homolog 2, mitogen-responsive phosphoprotein (Drosophila) 
6,21 0,16 FNIP2 folliculin interacting protein 2 
6,21 0,16 ARNTL2 aryl hydrocarbon receptor nuclear translocator-like 2 
6,14 0,16 AR androgen receptor 
6,12 0,16 ARHGAP12 Rho GTPase activating protein 12 
6,11 0,16 SNX25 sorting nexin 25 
6,11 0,16 FAM169A family with sequence similarity 169, member A 
6,08 0,16 NEDD4L neural precursor cell expressed, developmentally down-regulated 4-like 
6,06 0,17 EPB41L5 erythrocyte membrane protein band 4.1 like 5 
6,04 0,17 NT5C3L 5'-nucleotidase, cytosolic III-like 
6,02 0,17 LOC151009 hypothetical LOC151009 
5,99 0,17 GPR63 G protein-coupled receptor 63 
5,98 0,17 RAB3IP RAB3A interacting protein (rabin3) 
5,98 0,17 NPR3 natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic peptide receptor C) 
5,97 0,17 DNAJC12 DnaJ (Hsp40) homolog, subfamily C, member 12 
5,97 0,17 CASK calcium/calmodulin-dependent serine protein kinase (MAGUK family) 
5,96 0,17 RIMKLB ribosomal modification protein rimK-like family member B 
5,96 0,17 CMBL carboxymethylenebutenolidase homolog (Pseudomonas) 
5,94 0,17 PLIN2 perilipin 2 
5,94 0,17 ZNF827 zinc finger protein 827 
5,90 0,17 JHDM1D jumonji C domain containing histone demethylase 1 homolog D (S. cerevisiae) 
5,89 0,17 ZNF808 zinc finger protein 808 
5,87 0,17 USP6NL USP6 N-terminal like 
5,85 0,17 LIN28B lin-28 homolog B (C. elegans) 
5,84 0,17 GNAI1 guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 1 
5,84 0,17 ENC1 ectodermal-neural cortex (with BTB-like domain) 
5,83 0,17 CTHRC1 collagen triple helix repeat containing 1 
5,80 0,17 PLCB1 phospholipase C, beta 1 (phosphoinositide-specific) 
5,80 0,17 TMSB15B thymosin beta 15B 
5,78 0,17 ARHGAP5 Rho GTPase activating protein 5 
5,73 0,17 AES amino-terminal enhancer of split 
5,72 0,17 ZNF439 zinc finger protein 439 
5,69 0,18 PLTP phospholipid transfer protein 
5,67 0,18 SERPINB9 serpin peptidase inhibitor, clade B (ovalbumin), member 9 
5,64 0,18 FAR2 fatty acyl CoA reductase 2 
5,64 0,18 NMT2 N-myristoyltransferase 2 
5,58 0,18 SMPDL3B sphingomyelin phosphodiesterase, acid-like 3B 
5,49 0,18 WASF1 WAS protein family, member 1 
5,47 0,18 OSBPL3 oxysterol binding protein-like 3 
5,44 0,18 YPEL2 yippee-like 2 (Drosophila) 
5,44 0,18 SPRY2 sprouty homolog 2 (Drosophila) 
5,43 0,18 EPB41L2 erythrocyte membrane protein band 4.1-like 2 
5,43 0,18 SCCPDH saccharopine dehydrogenase (putative) 
5,42 0,18 AFF2 AF4/FMR2 family, member 2 
5,42 0,18 PTPRF protein tyrosine phosphatase, receptor type, F 
5,41 0,18 MPP6 membrane protein, palmitoylated 6 (MAGUK p55 subfamily member 6) 
5,41 0,18 STAT5A signal transducer and activator of transcription 5A 
5,41 0,18 ATP8B2 ATPase, class I, type 8B, member 2 
5,37 0,19 ERAP2 endoplasmic reticulum aminopeptidase 2 
5,37 0,19 LBA1 lupus brain antigen 1 
5,36 0,19 RGPD5 RANBP2-like and GRIP domain containing 5 

5,35 0,19 SLC25A4 
solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), 
member 4 

5,34 0,19 TFDP2 transcription factor Dp-2 (E2F dimerization partner 2) 
5,34 0,19 ACPL2 acid phosphatase-like 2 
5,33 0,19 RRAGB Ras-related GTP binding B 
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5,33 0,19 RGPD5 RANBP2-like and GRIP domain containing 5 
5,31 0,19 IL18RAP interleukin 18 receptor accessory protein 
5,30 0,19 C15orf51 dynamin 1 pseudogene 
5,30 0,19 C15orf51 dynamin 1 pseudogene 
5,30 0,19 C15orf51 dynamin 1 pseudogene 
5,29 0,19 RGPD6 RANBP2-like and GRIP domain containing 6 
5,28 0,19 TOX thymocyte selection-associated high mobility group box 

5,27 0,19 
LOC10012886
8 testin-related protein TRG 

5,26 0,19 CLDN10 claudin 10 
5,26 0,19 DOCK7 dedicator of cytokinesis 7 
5,24 0,19 C15orf51 dynamin 1 pseudogene 
5,24 0,19 C15orf51 dynamin 1 pseudogene 
5,23 0,19 ISYNA1 inositol-3-phosphate synthase 1 
5,22 0,19 PRKCQ protein kinase C, theta 
5,21 0,19 CDK2AP1 cyclin-dependent kinase 2 associated protein 1 
5,20 0,19 PDGFC platelet derived growth factor C 
5,17 0,19 C15orf51 dynamin 1 pseudogene 
5,15 0,19 HIPK2 homeodomain interacting protein kinase 2 
5,13 0,19 TIMP2 TIMP metallopeptidase inhibitor 2 
5,11 0,20 UNQ1870 GALI1870 
5,10 0,20 ZNF485 zinc finger protein 485 
5,09 0,20 NET1 neuroepithelial cell transforming 1 
5,08 0,20 ZNF695 zinc finger protein 695 
5,07 0,20 STOX1 storkhead box 1 
5,07 0,20 APBB2 amyloid beta (A4) precursor protein-binding, family B, member 2 
5,06 0,20 NSBP1 nucleosomal binding protein 1 
5,06 0,20 RGPD5 RANBP2-like and GRIP domain containing 5 
5,04 0,20 WNK3 WNK lysine deficient protein kinase 3 
5,04 0,20 GCLC glutamate-cysteine ligase, catalytic subunit 
5,00 0,20 MYCN v-myc myelocytomatosis viral related oncogene, neuroblastoma derived (avian) 
4,99 0,20 ATP7B ATPase, Cu++ transporting, beta polypeptide 
4,99 0,20 MOV10 Mov10, Moloney leukemia virus 10, homolog (mouse) 
4,99 0,20 TM7SF3 transmembrane 7 superfamily member 3 
4,96 0,20 PIR pirin (iron-binding nuclear protein) 
4,95 0,20 EPCAM epithelial cell adhesion molecule 
4,95 0,20 SORL1 sortilin-related receptor, L(DLR class) A repeats-containing 
4,94 0,20 CD93 CD93 molecule 
4,91 0,20 DNAH14 dynein, axonemal, heavy chain 14 
4,88 0,20 CXorf59 chromosome X open reading frame 59 
4,87 0,21 ARL5B ADP-ribosylation factor-like 5B 
4,85 0,21 IFITM3 interferon induced transmembrane protein 3 (1-8U) 
4,85 0,21 LIMS1 LIM and senescent cell antigen-like domains 1 
4,85 0,21 LIMS1 LIM and senescent cell antigen-like domains 1 
4,84 0,21 PTMS parathymosin 
4,84 0,21 WDR35 WD repeat domain 35 
4,79 0,21 BTG3 BTG family, member 3 
4,77 0,21 F11R F11 receptor 
4,76 0,21 KLHL5 kelch-like 5 (Drosophila) 
4,73 0,21 TLK1 tousled-like kinase 1 
4,71 0,21 GATSL1 GATS protein-like 1 
4,71 0,21 GATSL1 GATS protein-like 1 
4,69 0,21 FAM129A family with sequence similarity 129, member A 
4,68 0,21 RGPD4 RANBP2-like and GRIP domain containing 4 
4,67 0,21 SOAT1 sterol O-acyltransferase 1 
4,67 0,21 BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 
4,65 0,22 C12orf23 chromosome 12 open reading frame 23 
4,65 0,22 FBXO21 F-box protein 21 
4,65 0,22 MYO18B myosin XVIIIB 
4,64 0,22 LOC654433 hypothetical LOC654433 
4,64 0,22 USP46 ubiquitin specific peptidase 46 
4,64 0,22 FMNL2 formin-like 2 
4,64 0,22 SLC27A2 solute carrier family 27 (fatty acid transporter), member 2 
4,64 0,22 DUSP16 dual specificity phosphatase 16 
4,63 0,22 PRTFDC1 phosphoribosyl transferase domain containing 1 
4,63 0,22 SPTAN1 spectrin, alpha, non-erythrocytic 1 (alpha-fodrin) 
4,62 0,22 MTFMT mitochondrial methionyl-tRNA formyltransferase 
4,61 0,22 MBNL2 muscleblind-like 2 (Drosophila) 
4,61 0,22 STC2 stanniocalcin 2 
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4,60 0,22 ZCCHC18 zinc finger, CCHC domain containing 18 
4,60 0,22 RGPD3 RANBP2-like and GRIP domain containing 3 
4,58 0,22 F2R coagulation factor II (thrombin) receptor 
4,57 0,22 GP1BB glycoprotein Ib (platelet), beta polypeptide 
4,57 0,22 SGMS1 sphingomyelin synthase 1 
4,57 0,22 SLC19A2 solute carrier family 19 (thiamine transporter), member 2 
4,56 0,22 PIK3R3 phosphoinositide-3-kinase, regulatory subunit 3 (gamma) 
4,56 0,22 SBF2 SET binding factor 2 
4,55 0,22 KIT v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 
4,55 0,22 SYDE2 synapse defective 1, Rho GTPase, homolog 2 (C. elegans) 
4,54 0,22 ZSCAN12 zinc finger and SCAN domain containing 12 
4,54 0,22 NEDD4 neural precursor cell expressed, developmentally down-regulated 4 
4,53 0,22 SLC44A2 solute carrier family 44, member 2 
4,53 0,22 SPINT2 serine peptidase inhibitor, Kunitz type, 2 
4,53 0,22 SLC18A2 solute carrier family 18 (vesicular monoamine), member 2 
4,52 0,22 RCN1 reticulocalbin 1, EF-hand calcium binding domain 
4,51 0,22 TBC1D4 TBC1 domain family, member 4 
4,51 0,22 SULT1C2 sulfotransferase family, cytosolic, 1C, member 2 
4,48 0,22 ZNF248 zinc finger protein 248 
4,48 0,22 CORO2A coronin, actin binding protein, 2A 
4,47 0,22 LTA4H leukotriene A4 hydrolase 
4,46 0,22 STXBP4 syntaxin binding protein 4 
4,45 0,22 GPRASP1 G protein-coupled receptor associated sorting protein 1 
4,43 0,23 RANBP2 RAN binding protein 2 
4,41 0,23 PDLIM5 PDZ and LIM domain 5 
4,40 0,23 TRIM32 tripartite motif-containing 32 
4,40 0,23 GUCY1A3 guanylate cyclase 1, soluble, alpha 3 
4,39 0,23 CD55 CD55 molecule, decay accelerating factor for complement (Cromer blood group) 
4,38 0,23 ADAM32 ADAM metallopeptidase domain 32 
4,37 0,23 C7orf46 chromosome 7 open reading frame 46 
4,35 0,23 ZNF10 zinc finger protein 10 
4,34 0,23 SLC4A7 solute carrier family 4, sodium bicarbonate cotransporter, member 7 
4,33 0,23 HMGA2 high mobility group AT-hook 2 
4,32 0,23 C11orf80 chromosome 11 open reading frame 80 
4,32 0,23 PHC1 polyhomeotic homolog 1 (Drosophila) 
4,32 0,23 DCBLD2 discoidin, CUB and LCCL domain containing 2 
4,31 0,23 SLC45A3 solute carrier family 45, member 3 
4,29 0,23 PHC1 polyhomeotic homolog 1 (Drosophila) 
4,28 0,23 MBOAT1 membrane bound O-acyltransferase domain containing 1 
4,28 0,23 ACOT9 acyl-CoA thioesterase 9 
4,28 0,23 SIPA1L1 signal-induced proliferation-associated 1 like 1 
4,27 0,23 CHD7 chromodomain helicase DNA binding protein 7 
4,26 0,23 PAM peptidylglycine alpha-amidating monooxygenase 
4,26 0,23 SUV39H2 suppressor of variegation 3-9 homolog 2 (Drosophila) 
4,25 0,24 SPRED1 sprouty-related, EVH1 domain containing 1 
4,25 0,24 DUSP6 dual specificity phosphatase 6 
4,25 0,24 ZFP30 zinc finger protein 30 homolog (mouse) 
4,25 0,24 HOXA5 homeobox A5 
4,25 0,24 SLC35F2 solute carrier family 35, member F2 
4,23 0,24 PCSK6 proprotein convertase subtilisin/kexin type 6 
4,22 0,24 BMI1 BMI1 polycomb ring finger oncogene 
4,20 0,24 CTNNAL1 catenin (cadherin-associated protein), alpha-like 1 
4,20 0,24 STAM signal transducing adaptor molecule (SH3 domain and ITAM motif) 1 
4,19 0,24 CRYZ crystallin, zeta (quinone reductase) 
4,18 0,24 CNKSR2 connector enhancer of kinase suppressor of Ras 2 
4,18 0,24 GAL galanin prepropeptide 
4,18 0,24 DNAJA2 DnaJ (Hsp40) homolog, subfamily A, member 2 

4,17 0,24 FLT1 
fms-related tyrosine kinase 1 (vascular endothelial growth factor/vascular 
permeability factor receptor) 

4,17 0,24 ACP6 acid phosphatase 6, lysophosphatidic 
4,15 0,24 USP13 ubiquitin specific peptidase 13 (isopeptidase T-3) 
4,15 0,24 FSCN1 fascin homolog 1, actin-bundling protein (Strongylocentrotus purpuratus) 
4,14 0,24 CYBRD1 cytochrome b reductase 1 
4,14 0,24 ALS2 amyotrophic lateral sclerosis 2 (juvenile) 
4,13 0,24 FAM13A family with sequence similarity 13, member A 
4,13 0,24 HHEX hematopoietically expressed homeobox 
4,12 0,24 ZNF608 zinc finger protein 608 
4,12 0,24 KIAA1529 KIAA1529 
4,11 0,24 UBXN2A UBX domain protein 2A 



 

 73 

4,11 0,24 OSBPL9 oxysterol binding protein-like 9 
4,10 0,24 PDE8A phosphodiesterase 8A 
4,07 0,25 GSTM1 glutathione S-transferase mu 1 
4,07 0,25 ZC4H2 zinc finger, C4H2 domain containing 
4,07 0,25 SPIRE1 spire homolog 1 (Drosophila) 
4,07 0,25 BAALC brain and acute leukemia, cytoplasmic 
4,06 0,25 STAMBPL1 STAM binding protein-like 1 
4,06 0,25 ALS2CR4 amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 4 
4,04 0,25 RASA4 RAS p21 protein activator 4 
4,04 0,25 MAGI3 membrane associated guanylate kinase, WW and PDZ domain containing 3 
4,04 0,25 VAV3 vav 3 guanine nucleotide exchange factor 
4,03 0,25 PPT2 palmitoyl-protein thioesterase 2 
4,03 0,25 CYP2R1 cytochrome P450, family 2, subfamily R, polypeptide 1 
4,02 0,25 ERO1LB ERO1-like beta (S. cerevisiae) 
4,02 0,25 PGM2L1 phosphoglucomutase 2-like 1 
4,02 0,25 SOX4 SRY (sex determining region Y)-box 4 
4,01 0,25 ZNF32 zinc finger protein 32 
4,01 0,25 FPR2 formyl peptide receptor 2 
4,01 0,25 MICAL3 microtubule associated monoxygenase, calponin and LIM domain containing 3 
4,01 0,25 ANKRD50 ankyrin repeat domain 50 
4,00 0,25 CCNY cyclin Y 
4,00 0,25 DOCK4 dedicator of cytokinesis 4 
4,00 0,25 DZIP1L DAZ interacting protein 1-like 
4,00 0,25 SPATS2 spermatogenesis associated, serine-rich 2 

 

 

 
Table 2: Chip array analysis in detail: PR48 cells in comparison to parental control cells (K). 
Genes with at least a 4-fold change were taken into analysis. 
 

Fold-
change 
K vs PR48 

Fold-
change 
PR48 vs K Gene symbol Gene description 

0,07 14,29 TARP TCR gamma alternate reading frame protein 
0,07 14,29 TARP TCR gamma alternate reading frame protein 
0,08 13,16 LYZ lysozyme (renal amyloidosis) 
0,08 12,20 IRF8 interferon regulatory factor 8 
0,09 10,99 EDIL3 EGF-like repeats and discoidin I-like domains 3 
0,09 10,75 SLC44A1 solute carrier family 44, member 1 

0,10 10,00 ITGAL 
integrin, alpha L (antigen CD11A (p180), lymphocyte function-associated antigen 1; 
alpha polypeptide) 

0,12 8,33 BEX1 brain expressed, X-linked 1 
0,12 8,33 SNORD116-17 small nucleolar RNA, C/D box 116-17 
0,12 8,33 SNORD116-17 small nucleolar RNA, C/D box 116-17 
0,13 7,69 C20orf103 chromosome 20 open reading frame 103 
0,14 7,14 SNORD116-15 small nucleolar RNA, C/D box 116-15 
0,17 5,88 FGL2 fibrinogen-like 2 
0,20 5,00 RAB31 RAB31, member RAS oncogene family 
0,21 4,76 HORMAD1 HORMA domain containing 1 
0,21 4,76 SNORD116-14 small nucleolar RNA, C/D box 116-14 
0,24 4,17 ATP8B4 ATPase, class I, type 8B, member 4 
0,24 4,17 DDX3Y DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked 
0,25 4,00 SNORD116-21 small nucleolar RNA, C/D box 116-21 
4,91 0,20 GLT8D4 glycosyltransferase 8 domain containing 4 
4,90 0,20 IL18RAP interleukin 18 receptor accessory protein 
4,85 0,21 LAMB1 laminin, beta 1 
4,36 0,23 KHDRBS3 KH domain containing, RNA binding, signal transduction associated 3 
4,18 0,24 PGAP1 post-GPI attachment to proteins 1 
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Table 3: Category summary for chip array analysis: R48 cells in comparison to parental 
control cells. Genes were classified into functional gene categories and changes in gene expression 
for each category with a P-value < 0.05 were summerized.  
 

 
Genes 
total 

Genes 
changed 

P-Value 
(changed) 

% 
changed Gene category description 

11 6 0.0009 54.55 urea cycle intermediate metabolism 
10 5 0.0040 50.00 glycosphingolipid metabolism 
10 5 0.0040 50.00 arginine metabolism 
10 5 0.0040 50.00 hydrolase activity, acting on carbon-nitrogen (but not peptide) bonds 
12 6 0.0016 50.00 Rho GTPase activator activity 
13 6 0.0026 46.15 glycolipid metabolism 
13 6 0.0026 46.15 phosphoinositide 3-kinase complex 
13 6 0.0026 46.15 SH3 domain binding 
11 5 0.0065 45.45 ligase activity, forming carbon-sulfur bonds 
14 6 0.0041 42.86 phospholipid-translocating ATPase activity 
14 6 0.0041 42.86 aminophospholipid transporter activity 
12 5 0.0101 41.67 vascular endothelial growth factor receptor activity 
12 5 0.0101 41.67 membrane lipid catabolism 
10 4 0.0251 40.00 DNA methylation 
10 4 0.0251 40.00 DNA alkylation 
10 4 0.0251 40.00 adenylate cyclase activity 
10 4 0.0251 40.00 lysosome organization and biogenesis 
10 4 0.0251 40.00 MAP kinase phosphatase activity 
10 4 0.0251 40.00 caspase activator activity 
19 7 0.0052 36.84 phosphorus-oxygen lyase activity 
11 4 0.0357 36.36 cortical actin cytoskeleton 
11 4 0.0357 36.36 serine family amino acid biosynthesis 
11 4 0.0357 36.36 SH2 domain binding 
11 4 0.0357 36.36 vacuole organization and biogenesis 
17 6 0.0122 35.29 double-strand break repair 
12 4 0.0486 33.33 transmembrane receptor protein serine/threonine kinase activity 
12 4 0.0486 33.33 cortical cytoskeleton 
12 4 0.0486 33.33 transforming growth factor beta receptor activity 
18 6 0.0164 33.33 meiosis I 
21 7 0.0097 33.33 cyclase activity 
19 6 0.0215 31.58 induction of apoptosis by intracellular signals 
19 6 0.0215 31.58 double-stranded DNA binding 
19 6 0.0215 31.58 protein amino acid autophosphorylation 
19 6 0.0215 31.58 insulin receptor signaling pathway 
16 5 0.0368 31.25 secretory granule 
16 5 0.0368 31.25 meiotic recombination 
16 5 0.0368 31.25 negative regulation of MAPK activity 
26 8 0.0098 30.77 integrin complex 
39 12 0.0017 30.77 SH3/SH2 adaptor activity 
23 7 0.0165 30.43 oxidoreductase activity, acting on peroxide as acceptor 
23 7 0.0165 30.43 peroxidase activity 
23 7 0.0165 30.43 cyclic nucleotide biosynthesis 
23 7 0.0165 30.43 transition metal ion homeostasis 
20 6 0.0277 30.00 iron ion transport 
20 6 0.0277 30.00 protein autoprocessing 
30 9 0.0076 30.00 cyclic nucleotide metabolism 
27 8 0.0125 29.63 transforming growth factor beta receptor signaling pathway 
24 7 0.0208 29.17 carbohydrate kinase activity 
31 9 0.0095 29.03 sphingolipid metabolism 
31 9 0.0095 29.03 JAK-STAT cascade 
21 6 0.0349 28.57 transaminase activity 
43 12 0.0042 27.91 diacylglycerol binding 
36 10 0.0090 27.78 transmembrane receptor protein serine/threonine kinase signaling pathway 
22 6 0.0432 27.27 cytokine and chemokine mediated signaling pathway 
44 12 0.0051 27.27 ATPase activity, phosphorylative mechanism 
49 13 0.0047 26.53 integrin-mediated signaling pathway 
43 11 0.0120 25.58 Rho guanyl-nucleotide exchange factor activity 
59 15 0.0039 25.42 thiolester hydrolase activity 
44 11 0.0143 25.00 regulation of Rho protein signal transduction 
57 14 0.0072 24.56 protein binding, bridging 
53 13 0.0096 24.53 ubiquitin thiolesterase activity 
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91 22 0.0011 24.18 cysteine-type endopeptidase activity 
54 13 0.0112 24.07 ubiquitin-specific protease activity 
46 11 0.0198 23.91 amino acid catabolism 
72 17 0.0050 23.61 positive regulation of signal transduction 

208 49 0.0001 23.56 actin binding 
34 8 0.0477 23.53 heat shock protein binding 
34 8 0.0477 23.53 amino acid biosynthesis 

108 25 0.0010 23.15 cysteine-type peptidase activity 
61 14 0.0133 22.95 Rho protein signal transduction 
61 14 0.0133 22.95 regulation of I-kappaB kinase/NF-kappaB cascade 
44 10 0.0357 22.73 actin polymerization and/or depolymerization 
49 11 0.0309 22.45 amine catabolism 
49 11 0.0309 22.45 copper ion binding 
58 13 0.0202 22.41 positive regulation of I-kappaB kinase/NF-kappaB cascade 
54 12 0.0267 22.22 hematopoietin/interferon-class (D200-domain) cytokine receptor activity 
50 11 0.0354 22.00 protein domain specific binding 
69 15 0.0173 21.74 protein tyrosine phosphatase activity 

143 31 0.0009 21.68 actin filament-based process 
120 26 0.0023 21.67 GTPase activator activity 
51 11 0.0404 21.57 nitrogen compound catabolism 

131 28 0.0019 21.37 actin cytoskeleton organization and biogenesis 
104 22 0.0064 21.15 lysosome 
104 22 0.0064 21.15 lytic vacuole 
96 20 0.0107 20.83 muscle development 

170 35 0.0012 20.59 enzyme linked receptor protein signaling pathway 
176 36 0.0011 20.45 actin cytoskeleton 
93 19 0.0155 20.43 guanyl-nucleotide exchange factor activity 
59 12 0.0496 20.34 cell cycle arrest 
64 13 0.0425 20.31 phosphoric diester hydrolase activity 
74 15 0.0314 20.27 transmembrane receptor protein kinase activity 

114 23 0.0097 20.18 small GTPase regulator activity 
75 15 0.0350 20.00 cytokine binding 

242 48 0.0004 19.83 protein kinase cascade 
192 38 0.0016 19.79 enzyme activator activity 
288 57 0.0001 19.79 cytoskeletal protein binding 
81 16 0.0334 19.75 structural constituent of cytoskeleton 
71 14 0.0453 19.72 regulation of small GTPase mediated signal transduction 
71 14 0.0453 19.72 ATPase activity, coupled to transmembrane movement of ions 

117 23 0.0132 19.66 vacuole 
137 26 0.0138 18.98 receptor signaling protein activity 
123 23 0.0231 18.70 transmembrane receptor protein tyrosine kinase signaling pathway 
241 45 0.0021 18.67 small GTPase mediated signal transduction 
221 41 0.0037 18.55 GTPase regulator activity 
149 27 0.0217 18.12 protein-tyrosine kinase activity 
116 21 0.0398 18.10 fatty acid metabolism 
244 44 0.0046 18.03 phosphoric ester hydrolase activity 
117 21 0.0432 17.95 dephosphorylation 
236 42 0.0071 17.80 regulation of signal transduction 
183 32 0.0217 17.49 phosphoric monoester hydrolase activity 
472 81 0.0008 17.16 protein amino acid phosphorylation 
455 78 0.0010 17.14 hydrolase activity, acting on ester bonds 
253 43 0.0143 17.00 GTP binding 
260 44 0.0143 16.92 guanyl nucleotide binding 
404 66 0.0073 16.34 cellular catabolism 
285 46 0.0272 16.14 cytoskeleton organization and biogenesis 
477 76 0.0078 15.93 protein kinase activity 
469 73 0.0153 15.57 catabolism 
488 75 0.0187 15.37 cell death 
491 75 0.0213 15.27 death 
462 69 0.0405 14.94 apoptosis 
463 69 0.0421 14.90 programmed cell death 
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