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Abstract
The tyrosine kinase receptor III, c-Kit/stem cell factor receptor and its ligand, human stem cell
factor (huSCF) are the predominant regulator of mitogenesis in the hematopoietic stem and progenitor cells. However, gain-of-function mutations alter c-Kit auto-regulatory mechanisms to aberrant c-Kit signaling, leading to the onset or progression of cancerous transformations. The most
common mutation of c-Kit is the substitution of aspartic acid residue in position 816 to valine
(D816V), which is majorly responsible for its ligand-independent constitutive activation, and is
implicated in hematopoietic malignancies. Currently, molecular targeted therapy is increasingly
becoming a hot spot due to its specificity and low toxicity. As the molecular mechanisms responsible for D816V-c-Kit mediated tumorogenicity are largely unknown, in this study, we aimed to investigate the D816V-c-Kit signaling mediated downstream molecular targets. Specifically, we
created c-Kit active mutant form D816V and performed inducible gene expression of mutant
D816V-c-Kit in monomyelocytic cell line U937. Mutant D816V-c-Kit expressing cells revealed significantly enhanced cellular mitogenic activity compared to wild-type c-Kit expressing cells independent of huSCF. To examine the molecular targets regulating tumorogenic proliferation, we
evaluated the consequences of mutant D816V-c-Kit expression on downstream gene expression
profile by high throughput microarray technology. The levels of some of the relevant genes
(PIK3CB, eIF4B, PRKCDBP, MOAP1) were validated by quantitative polymerase chain reaction. SLA,
STAT5B, MAP3K2 and MAPK14 emerged as important downstream molecular targets of mutant
D816V-c-Kit. Further, by dissecting the signaling pathways, we also demonstrated that the D816Vc-Kit mediated hematopoietic cell proliferation is dependent on molecular target p38 MAP kinase.
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1. Introduction

c-Kit and huSCF are encoded at the white spotting and steel loci of the mouse, respectively. Mutations at both
the W and the Sl locus cause deficiencies in hematopoiesis, gametogenesis and melanogenesis [1]. In humans,
c-Kit encodes a transmembrane glycoprotein that belongs to platelet-derived growth factor and macrophage
growth factor receptor subfamily [2]. Activation of c-Kit by huSCF binding results in receptor dimerization and
activation of intrinsic tyrosine kinase activity. Specific tyrosine residues are autophosphorylated, which results
in the activation of downstream signaling pathways, including the Ras/Erk pathway and the phosphoinositide3-kinase (PI3K) pathway [3]-[5].
Though, physiologically regulated tyrosine kinase activity of c-Kit is necessary for the controlled proliferation
of hematopoietic stem and progenitor cells, mutational activations disturb c-Kit dynamic regulatory mechanisms,
resulting in oncogenic transformation [6] [7]. Gain of independence of external growth stimuli is a crucial step.
This can be achieved in several different ways, including mutations that render receptor tyrosine kinases constitutively active in the absence of ligand stimulation [8] [9]. In the case of c-Kit, these mutations most commonly
occur either in exon 11 (encoding the juxta-membrane region), predominantly in gastrointestinal stromal tumors
or in exon 17 (encoding the activation loop of the kinase domain). This is exemplified by codon 816 mutations
found in several human malignancies including acute myeloid leukemia, mastocytosis, germ cell tumors of the
seminoma or dysgerminoma types, sinonasal natural killer/T-cell lymphomas, and in intracranial teratomas [10]
[11]. D816V mutation leads to the conversion of an aspartic acid residue to a valine, tyrosine, phenylalanine,
asparagine or histidine residue [11] [12]. The acquired activating point mutation D816V significantly impairs
the efficacy of targeted cancer therapies, thus limiting the treatment options for therapies [13]. Efforts to inhibit
mutant c-Kit with tyrosine kinase inhibitors have been unsatisfactory, indicating a need for preclinical approaches to identify alternative molecular targets. Therefore, in this study, we sought to develop a human hematopoietic cell line model expressing D816V-c-Kit as a platform to dissect the molecular mechanisms underlying
contributions of mutant D816V-c-Kit to myeloid leukaemia development. To unravel unknown molecular targets driving mutant D816V-c-Kit for leukemogenicity, we used the advanced approach of microarray technology. We used inducible gene expression system for the regulated expression of wild-type c-Kit and mutant
D816V-c-Kit in huSCF/c-Kit null U937 cells and assessed the cells’ mitogenic potential. We performed microarray profiling of huSCF activated wild-type c-Kit expressing cells (induced) and mutant D816V-c-Kit expressing cells (induced). To the best of our knowledge, this is the first report that identifies the putative molecular
targets triggered by mutant D816V-c-Kit using high throughput microarray in human myeloid leukemic U937
cells. Overall, the results of this study indicate that mutant D816V-c-Kit change the transcript levels of few
genes responsible for the cell proliferation. Furthermore, the current data provide novel candidate genes, such as
PIK3R1, eIF4B, STAT5B, MAPK14, elicited by mutant D816V-c-Kit in hematopoietic cells. Further, inhibition
of proliferative capacity of mutant D816V-c-Kit expressing cells using p38 MAP kinase inhibitor indicates that
p38 MAP kinase plays an essential role in D816V-c-Kit mediated tumorogenicity.

2. Materials and Methods
2.1. Creation of Recombinant Wild-Type pc-Kit-TRE2hyg and Its in vitro Site-Directed
Mutagenesis
The complete coding sequence of the human c-Kit gene was excised as a BamH1 fragment (1 - 3.2 Kb) from
pcDNA3-c-Kit vector (kindly gifted by Dr. Ronnstrand, Department of Experimental Clinical Chemistry, Austria). This fragment was further sub-cloned between BamHI restriction sites in sense orientation of PminCMV
promoter using inducible expression vector pTRE2hyg (Clontech, USA). The sub-cloning of c-Kit gene was finally characterized by restriction analysis. The restriction analysis of recombinant wild type c-Kit-pTRE2hyg
plasmid DNA using HindIII enzyme (Bioenzyme) generates three characteristic linear fragments of specific size;
4.9 Kb, 2.5 Kb and 1.1 Kb (Figure 1). The c-Kit active mutation as Asp to Val at 816 position (D816V) was introduced by site-directed mutagenesis system (Invitrogen, USA) using wild-type c-Kit-pTRE2hyg plasmid DNA
as template and mutagenic primers to create mutation at nucleotide 2467: such as forward Primer 5-’
GAGGTCAAGAAGGTGAAGAGGAAGCTCACCTAC-3’; reverse Primer 5-’CTTCACCTTCTTGACCTCG
CCCGTCTTGCCG-3’. The specific mutation of D816V-c-Kit-pTRE2hyg plasmid construct was confirmed by
commercial DNA sequencing service (Ocimum Bio-solutions India Pvt. Ltd.) (Figure 2).
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Figure 1. Restriction analysis of subcloned c-Kit. Restriction-digestion analysis of recombinant vector wild-type c-KitpTRE2hyg using HindIII give specific fragments of size 4.9 Kb, 2.5 Kb and 1.1 Kb (HindIII has two sites in c-Kit insert
and one site in pTRE2hyg).

Figure 2. DNA sequencing of D816V-c-Kit-pTRE2hyg
plasmid construct. Electropherogram showing wild type c-Kit
and mutant D816V-c-Kit DNA sequence at exon 17. (a) In
the wild-type c-Kit cDNA sequence, the codon is GAC; (b) In
the mutated D816V-c-Kit sequence, GAC is substituted to
codon GTC at nucleotide 2467, the point mutation is shown
by the arrowhead.
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2.2. Cell Lines and Stable Transfection

Human myelomonocytic leukemic cell line U937 was obtained from National Centre for Cell Science (NCCS,
Pune, India). U937 cells were maintained in complete medium (RPMI-1640 medium supplemented with 1.0%
sodium pyruvate, 10% FCS, 2 mM glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin) at 37˚C in a
fully humidified atmosphere of 95% room air and 5% CO2. The culture was maintained thrice in a week in fresh
complete medium. Exponentially growing cells with ≥94% viability were used for transfection. Approximately,
3 × 105/ml number of cells were transfected with p Tet-off plasmid DNA. Transfected cells were selected using
puromycin (0.5 ng/µl) containing media. The Tet-off stable U937 cells were maintained by periodically adding
doxycycline (1 µg/µl) after every two days. Tet-off transfected U937 cells were subsequently transfected with
recombinant vectors-wild type c-Kit-TRE2hyg and D816V-c-Kit-TRE2hyg. Double transfected cells were selected using hygromycin containing culture medium and stable transfected positive clones were screened by limiting dilution. All transfections in U937 cells were performed using hilymax transfection reagent (Dojindo,
Japan).

3. Results
3.1. Generation of Inducible Wild-Type and Mutant D816V-c-Kit U937 Cells
3.1.1. Flow Cytometry
Transfection of wild-type and mutant D816V-c-Kit stable transfectants were assessed by flow cytometry. Briefly, one million exponentially growing transfectants were washed and incubated for one hour with 0.5 μg of primary mouse anti-human monoclonal c-Kit antibody (Santa Cruz, USA) at a 1:200 dilution on ice. After washing
three times with staining buffer (2% FBS and 0.1% sodium azide in phosphate-buffered saline (PBS), cells were
subsequently incubated with secondary FITC-labelled goat anti-mouse antibody (Santa Cruz Biotechnology,
USA). These cells were washed to remove unbound secondary antibodies and analyzed by flow cytometry.
Non-specific binding was assessed by using isotype-negative controls that were added at the same concentrations. After washing and resuspension, samples were analyzed on a Becton Dickinson (San Jose, CA) FACS Calibur flow cytometer.
3.1.2. Western Blotting
Wild-type and mutant D816V-c-Kit were stimulated with and without huSCF (100 ng/ml) for 24 hrs. Cells were
lysed in an appropriate amount of RIPA lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM sodium chloride, 0.25%
deoxycholic acid, 1% NP-40, 1 mM EDTA), supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mM
dithiothreitol, and 1× protease inhibitor. Lysates were incubated for 30 min on ice and then cleared by centrifugation at 14,000 xg for 15 min at 4˚C. Protein content was determined by BCA method (Thermo Scientific,
USA). Immunoblotting was performed following a standard protocol. Briefly, samples were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membrane (Pall Life
Science). The membrane was blocked using 3% BSA dissolved in TBS buffer containing 0.1% tween-20 (TBST)
for 1hr at room temperature and incubated overnight at 4˚C with primary antibodies: primary anti-human mouse
monoclonal p-c-Kit antibody (Santa Cruz Biotechnology, USA), primary anti-human mouse monoclonal p-P38
MAP kinase antibody (Santa Cruz Biotechnology, USA), and anti-β-actin (Santa Cruz Biotechnology, USA).
After three 5 min washes with TBST, membranes were incubated with HRP-conjugated secondary antibodies
(1:2000) for 1 hr at RT and washed three times with TBST buffer. Blots were developed using TMB stabilized
substrate (Promega, Wisconsin). Membranes were incubated with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz Biotechnology, USA) and bands were visualized using enhanced chemiluminescence
method (Amersham Pharmacia Biotech Piscataway).

3.2. Proliferation Assay
U937 cells expressing wild-type c-Kit or mutant D816V-c-Kit (2 × 104/well) were re-suspended in serum-free
medium and seeded in triplicates in 96-well plates with 100 ng/ml huSCF (Invitrogen, USA) and without huSCF
as control. After a 48 hr of stimulation, viable cells were evaluated using the Cell Titer 96 Aqueous One Solution cell proliferation assay kit (Promega, Wisconsin). Data was considered significant if results showed p-value
≤0.05. The effect of p38 MAP kinase inhibitor (Santa Cruz Biotechnology, USA) on cell growth rate was de-
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termined by plating cells (2 × 104/well) in a 96-well plate for 24 hrs at the indicated concentrations. Wild-type
c-Kit cells and D816V-c-Kit cells were pre-incubated in the presence or absence of p38 MAP kinase inhibitor at
concentration of 1 µM for 24 hrs. This was followed by the addition of 100 μl media with or without huSCF at
100 ng/ml.

3.3. Microarray
Wild-type c-Kit expressing cells (induced) stimulated with huSCF (100 ng/ml) for 24 hrs in serum-starved media and mutant D816V-c-Kit expressing cells (induced) were harvested and stored in RNAlater (Ambion Inc.,
USA). RNA isolation, quality control, and hybridization were performed by Genotypic Technologies Pvt. Ltd
(Bangalore, India) according to the manufacturer’s instructions (Affymetrix, Santa Clara, USA). Briefly, RNA
was isolated using an RNeasy mini-kit (Qiagen, USA) and quantified in a Nanodrop spectrophotometer. The
RNA sample purity ratios were more than 1.9 for ratios of 260/280 nm and 260/230 nm; the RNA Integrity
Number (RIN) values were greater than 7.1 as evaluated on a bio-analyzer 2100 (Agilent Technologies, India).
Following reverse transcription of RNA in each replicate into respective cDNA, Cy3-labelled cRNA was produced by in vitro transcription and hybridized to a whole genome array chip (human whole gene expression microarray, 8 × 60 K array, Agilent Technologies).

3.4. Microarray Expression Data Analysis
Transcripts which were reliably detected in all the replicates were considered for subsequent data analysis. The
data was normalized by percentile shift normalization method using GeneSpring GX11 (Agilent technologies,
India). Following normalization, average signal intensity of the probes showing at least 30% change in expression across the 3 donors were computed and ratios (treated/untreated) were log2 transformed. Statistical analysis
of the data was performed using Cyber-T regularized t statistic [14] due to small sample size (n = 3) since it
takes into account Bayesian estimate of variance by pooling across genes with similar intensities [15]. The functional annotation tool (DAVID Bioinformatics Resources 6.7) was used to determine the biological relevance of
the data and molecular functions represented by differentially regulated genes [16], enabling us to explore and
clarify the biological process, by considering a p-value ≤0.05 as significant. Further, the signaling pathways regulated by significantly altered genes were identified using the Pathway Miner tool [17], which provides annotation from the Kyoto Encyclopedia of Genes and Genomics (KEGG), Biocarta and GenMAPP, taking Fisher exact p-value ≤0.05 as significant due to the small number of replicates [18]. Genes shown by microarray were
classified with a significant change in expression level if they met the criteria of average log2 ratio ≥ ± 0.6 (±1.5
fold) and p-value ≤0.05 in case of mutant D816V-c-Kit expressing cells as compared to wild-type c-Kit expressing cells.

3.5. cDNA Synthesis, PCR and RT-PCR
Specific genes and their expression levels were validated using real-time PCR (RT-PCR) [19]. Total RNA was
isolated using GenElute Mammalian Total RNA kit (Sigma, USA). cDNA synthesis was performed using Super
Script III cDNA synthesis kit (Invitrogen, USA) as per the manufacturer’s instructions. RT-PCR was done using
SYBR green quantitative RT-PCR kit (Sigma, USA) following manufacturer protocol. Gene specific primers
were designed by Beacon designer software. Amplification of target genes were performed with thermal cycling
condition of 95˚C for 10 min followed by amplification cycles of 95˚C for 30 seconds, 52˚C for 60 seconds, 72˚C
for 30 seconds in a spectrofluorometric thermal cycler (Stratagene). Data was analyzed by using the comparative
ΔΔCt method [20] by normalizing the ΔCT values for each gene to the ΔCT values of the housekeeping gene,
actin. No template control (without cDNA template) was taken as negative control for RT-PCR. Data was normalized by the amount of β-actin mRNA. The primer sets and length of the PCR products are listed in Table 1.

3.6. Treatment with p38MAPK Inhibitor (SB202190)
The p38MAPK inhibitor (SB202190) was tested for effects on impact-induced changes in viability in U937 cells
at indicated concentrations [21]. Effect of p38MAPK inhibitor (SB202190) on proliferation was assessed in
wild-type c-Kit and mutant D816V c-Kit expressing cells at a concentration of 1 μM for 24 hrs. Control was incubated with equivalent volumes of solvent (DMSO), which was 0.1% in culture media.
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4. Results

4.1. Generation of Stable Mutant D816V-c-Kit Cells Using Doxycycline Regulated Gene
Expression
Mutant D816V-c-Kit construct was validated by sequencing across the manipulated region. To study signaling
pathways of D816V-c-Kit in progenitor cells, we used U937 cells transfected with wild-type and mutant
D816V-c-Kit. Both wild-type c-Kit and the D816V mutant of c-Kit were stably transfected into the hematopoietic cell line U937 using the Tet-off inducible gene expression system [22]-[24] (Figure 3(a)). Flow cytometry
analysis showed no change in fluorescence intensity between wild-type c-Kit expressing (induced) and mutant
D816V-c-Kit (induced) cells. Induced mutant D816V-c-Kit cells showed significant shift in fluorescence intensity compared to uninduced mutant D816V-c-Kit cells (with doxycycline in media) and isotype control. By
western blotting, wild-type c-Kit expressing cells and mutant D816V-c-Kit expressing cells showed receptor
expression using c-Kit monoclonal antibody (Figure 3(b)).

4.2. Mutant D816V-c-Kit Mutant Revealed Enhanced Proliferation as Compared to Wild
Type c-Kit
The directed proliferation potential of D816V-c-Kit expressing (induced) cells as compared to wild-type c-Kit
expressing (induced) cells was analyzed in vitro by MTS assay. As shown Figure 4, D816V-c-Kit expressing
cells showed significantly higher proliferation than huSCF (100 ng/ml) stimulated wild-type c-Kit expressing
Table 1. Details of primers used for real-time PCR in induced c-Kit mutant D816V expressing cells.
Gene Symbol

Accession No.

Primer sequence

Size (bp)

Ta (˚C)

MOAP1

NM_022151

Sense: ACGAAGGGATATGGCAATGAG
Antisense: AGGCACAGAAACGACAAAGG

141

52

PIK3CB

NM_006219

Sense: TGCGACCAGATGAGTGATGAAG
Antisense: TGCCCTATCCTCCGATTACC

142

52

eIF4B

NM_001417

Sense: ATGGATGGTCTTGGATGATGG
Antisense: AGTGTGGCATTTCAGTGGAG

117

51

PRKCDBP

NM_145040

Sense: ATGGAGAGTGTAGCCTGAGG
Antisense: TTGGTGGATGTAGGATTCGC

124

52

(a)

(b)

Figure 3. Establishment of D816V-c-Kit expressing cells. (a) U937 cells expressing
wild-type c-Kit and D816V-c-Kit were stained with PE-conjugated antibody or isotype control. The solid red fill shows fluorescence profile of isotype control, black
histogram represents uninduced mutant cells (with doxycycline in medium), green
panel for (induced) wild type c-Kit expressing cells and blue panel represents (induced) mutant D816V-c-Kit expressing cells. The figure is a representative of three
experiments with similar results; (b) Immunoblot showing expression of phosphorylated c-Kit (145 Kda) in wild-type c-Kit and D816V-c-Kit expressing cells.
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Figure 4. Mitogenic assay. Wild-type-c-Kit and
D816V-c-Kit expressing cells number were assessed by MTS assay and expressed as relative
absorbance units. Results are expressed as mean ±
SD of triplicate and representative of at least 4
independent experiments (*p < 0.05).

(induced) cells. The wild-type c-Kit expressing cells showed response to growth factor, huSCF by showing their
higher proliferation in presence of huSCF. However, mutant D816V-c-Kit expressing cells displayed no significant change in proliferation in the presence or absence of huSCF.

4.3. Transcriptional Response of Mutant D816V-c-Kit in Mutant Cells
Among the differentially regulated genes, genes involved in cell proliferation, PIK3R1 (0.82 fold, p = 0.02),
FES (1.06 fold, p = 0.0353), eIF4B (1.11 fold, p = 0.02), ABL2 (0.67 fold, p = 0.0009), MAPK family,
MAP2K3 (0.87 fold, p = 0.02), MAPK14 (1.49 fold, p = 0.00), Ras gene family, RAB7B (1.24 fold, p = 0.01),
RAB3GAP1 (1.07 fold, p = 0.01), cell adhesion, ABL2 (0.67 fold, p = 0.00), LY9 (0.72 fold, p = 0.03), apoptosis, MOAP1 (−1.42 fold, p = 0.04), transcription factors, TAF5L/PCAF (1.09 fold, p = 0.01), nuclear receptors,
U2AF (0.85 fold, p = 0.00), and metabolism, CYP2B6 (0.8 fold, p = 0.02), HMGCS1 (0.87 fold, p = 0.02) were
altered in mutant D816V-c-Kit expressing cells. Expression of a number of other signaling molecules involved
in mutant D816V-c-Kit mediated ligand-independent proliferation modulated were SLA (1.14 fold, p = 0.155)
and STAT5 (2.32 fold, p = 0.103).

4.4. Validation of Microarray data
To verify expression levels of transcripts obtained from microarray, real-time PCR analysis was performed.
Up-regulated genes chosen were PIK3R1 (0.82 fold) and eIF4B (1.11 fold); down-regulated genes were
MOAP1 (−1.42 fold, p < 0.04) and PRKCDBP (−1.29 fold, p < 0.01). These genes depicted an identical pattern
of alteration as seen by microarray expression analysis (Figure 5(a)). Further, we also confirmed expression of
few genes which did not qualify selection criteria but are of relevance to the current study such as Src like adaptor, SLA (1.14 fold, p < 0.155) and Signal transducer and activator of transcription 5, STAT5B (2.32 fold, p <
0.103) (Figure 5(b)).

4.5. Gene Ontology Analysis
Further evaluation of biological processes and functions affected by mutant D816V-cKit expressing cells using
DAVID bioinformatics resources identified upregulated genes to be functionally involved in MAPK signaling
pathway (MAP2K3, MAPK14), mTOR signaling pathway (PIK3R1, EIF4B), cell cycle (eIF4B, ABL2), cell
proliferation (INSIG1, FES, PIK3R1), transcription factors (TAF5L/PCAF, STAT5B) and cell adhesion (LY9).
The down-regulated genes consisted of glyceroid metabolism (PPAP2C), basal cell carcinoma (MYCL1), cell
differentiation (NDRG4, PDLIM7) and PCLKC (involved in negative regulation for cell growth). Significant (p
< 0.04) over represented Gene Ontology terms (molecular function) in down and up-regulated genes is shown in
Table 2.
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Figure 5. Validation of mRNA levels of genes from microarray data. (a) qPCR assessment of genes showing statistically
significant difference on the microarray. mRNA levels of proliferative genes (MOAP1, PI3KCB, eIF4B and PRKCDBP) in
mutant D816V-c-Kit expressing U937 cells by Real-Time PCR; (b) qPCR assessment of genes (SLA and STAT5B) not
showing statistically significant difference in microarray. Data of 3 independent experiments presented as mean ± SD (*p <
0.05).
Table 2. Gene ontology (biological processes) terms over-represented (p ≤ 0.05) in the set of genes altered by c-Kit mutant
form D816V.
(a) Up-regulated genes
Term

Total No. of genes

No. of genes in dataset

p-value

MAPK signaling pathway

78

3

0.0174

Pathways in cancer

341

5

0.0489

Metabolic pathways

1084

4

0.0137

(b) Down-regulated genes
Glycerolipid metabolism

46

1

1.00E−09

ABC transporters

46

1

1.00E−09

Basal cell carcinoma

55

1

1.00E−09

Olfactory transduction

390

8

0.0404

4.6. Dose-Dependent Cytotoxic Effect of p38 MAP Kinase in Mutant D816V-c-Kit Cells
Analysis of %viability in U937 cells in the presence of p38 MAP kinase inhibitor (SB202190) at the indicated
concentrations showed that p38 MAP kinase inhibitor showed no cytotoxicity at concentration of 1 µM in 24 hrs
(Figure 6(a)) but showed reduction in p38 MAP kinase phosphorylation compared to the vehicle, DMSO as
shown by immunoblotting using phospho-p38 MAP kinase antibody (Figure 6(b)).

4.7. Generation of Stable Mutant D816V-c-Kit Cells Using Doxycycline Regulated Gene
Expression
Mutant D816V-c-Kit construct was validated by sequencing across the manipulated region. To study signaling
pathways of D816V-c-Kit in progenitor cells, we used U937 cells transfected with wild-type and mutant
D816V-c-Kit. Both wild-type c-Kit and the D816V mutant of c-Kit were stably transfected into the hematopoietic cell line U937 using the Tet-off inducible gene expression system [22]-[24] (Figure 3(a)). Flow cytometry
analysis showed no change in fluorescence intensity between wild-type c-Kit expressing (induced) and mutant
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(a)

(b)

Figure 6. Effects of p38MAP kinase inhibitor on cell viability in U937 cells. (a) U937 cells were
cultured with various concentrations of p38MAP Kinase inhibitor (0.1 - 7 μM). U937 cells were
treated with the indicated concentrations of p38MAP kinase inhibitor for 2 hrs. The cell viability
was measured by the metabolic-dye-based MTS assay. Results represent the mean ± SD of three
experiments performed in triplicate. The significance was determined by Student’s t-test (*p <
0.05 vs vehicle control); (b) Immunoblot using phospho-p38MAP kinase antibody. Western blot
analysis of activated phospho-p38 in the lysates of U937 cells either pretreated with p38MAP
kinase inhibitor (0.5 μM and 1 μM) or vehicle control. Blotted proteins were probed with anti-phospho-p38 and then with anti-p38 antibodies, each followed by peroxidase-conjugated secondary antibody. The level of β-actin is shown at the bottom as a loading control. One representative experiment of three independent experiments is shown.

D816V-c-Kit (induced) cells. Induced mutant D816V-c-Kit cells showed significant shift in fluorescence intensity compared to uninduced mutant D816V-c-Kit cells (with doxycycline in media) and isotype control. By
western blotting, wild-type c-Kit expressing cells and mutant D816V-c-Kit expressing cells showed receptor
expression using c-Kit monoclonal antibody (Figure 3(b)).

4.8. Mutant D816V-c-Kit Mutant Revealed Enhanced Proliferation as Compared to Wild
Type c-Kit
The directed proliferation potential of D816V-c-Kit expressing (induced) cells as compared to wild-type c-Kit
expressing (induced) cells was analyzed in vitro by MTS assay. As shown Figure 4, D816V-c-Kit expressing
cells showed significantly higher proliferation than huSCF (100 ng/ml) stimulated wild-type c-Kit expressing
(induced) cells. The wild type c-Kit expressing cells showed response to growth factor, huSCF, by showing their
higher proliferation in presence of huSCF. However, mutant D816V-c-Kit expressing cells displayed no significant change in proliferation in the presence or absence of huSCF.

4.9. Transcriptional Response of Mutant D816V-c-Kit in Mutant Cells
Among the differentially regulated genes, genes involved in cell proliferation, PIK3R1 (0.82 fold, p = 0.02),
FES (1.06 fold, p = 0.0353), eIF4B (1.11 fold, p = 0.02), ABL2 (0.67 fold, p = 0.0009), MAPK family,
MAP2K3 (0.87 fold, p = 0.02), MAPK14 (1.49 fold, p = 0.00), Ras gene family, RAB7B (1.24 fold, p = 0.01),
RAB3GAP1 (1.07 fold, p = 0.01), cell adhesion, ABL2 (0.67 fold, p = 0.00), LY9 (0.72 fold, p = 0.03), apoptosis, MOAP1 (−1.42 fold, p = 0.04), transcription factors, TAF5L/PCAF (1.09 fold, p = 0.01), nuclear receptors,
U2AF (0.85 fold, p = 0.00), and metabolism, CYP2B6 (0.8 fold, p = 0.02), HMGCS1 (0.87 fold, p = 0.02) were
altered in mutant D816V-c-Kit expressing cells. Expression of a number of other signaling molecules involved
in mutant D816V-c-Kit mediated ligand-independent proliferation modulated were SLA (1.14 fold, p = 0.155)
and STAT5 (2.32 fold, p = 0.103).

4.10. Validation of Microarray Data
To verify expression levels of transcripts obtained from microarray, real-time PCR analysis was performed.
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Up-regulated genes chosen were PIK3R1 (0.82 fold) and eIF4B (1.11 fold); down-regulated genes were
MOAP1 (−1.42 fold, p < 0.04) and PRKCDBP (−1.29 fold, p < 0.01). These genes depicted an identical pattern
of alteration as seen by microarray expression analysis (Figure 5(a)). Further, we also confirmed expression of
few genes which did not qualify selection criteria but are of relevance to the current study such as Src like adaptor, SLA (1.14 fold, p < 0.155) and Signal transducer and activator of transcription 5, STAT5B (2.32 fold, p <
0.103) (Figure 5(b)).

4.11. Gene Ontology Analysis
Further evaluation of biological processes and functions affected by mutant D816V-cKit expressing cells using
DAVID bioinformatics resources identified upregulated genes to be functionally involved in MAPK signaling
pathway (MAP2K3, MAPK14), mTOR signaling pathway (PIK3R1, EIF4B), cell cycle (eIF4B, ABL2), cell
proliferation (INSIG1, FES, PIK3R1), transcription factors (TAF5L/PCAF, STAT5B) and cell adhesion (LY9).
The down-regulated genes consisted of glyceroid metabolism (PPAP2C), basal cell carcinoma (MYCL1), cell
differentiation (NDRG4, PDLIM7) and PCLKC (involved in negative regulation for cell growth). Significant (p
< 0.04) over represented Gene Ontology terms (molecular function) in down and up-regulated genes is shown in
Table 2.

4.12. Dose-Dependent Cytotoxic Effect of p38 MAP Kinase in Mutant D816V-c-Kit Cells
Analysis of %viability in U937 cells in the presence of p38 MAP kinase inhibitor (SB202190) at the indicated
concentrations showed that p38 MAP kinase inhibitor showed no cytotoxicity at concentration of 1 µM in 24 hrs
(Figure 6(a)) but showed reduction in p38 MAP kinase phosphorylation compared to the vehicle, DMSO as
shown by immunoblotting using phospho-p38 MAP kinase antibody (Figure 6(b)).

4.13. p38 MAP Kinase Inhibitor Mediated Reduction of Proliferation in Mutant
D816V-c-Kit Cells
The vehicle, DMSO did not modify any investigated parameter in comparison with control culture. Investigation
of the effect of p38 MAP kinase inhibitor in mutant D816V-c-Kit cells revealed significant reduction in cell proliferation. Mutant D816V-c-Kit expressing cells without huSCF showed more inhibition as compared to huSCF
induced growth of mutant cells. Wild-type c-Kit expressing cells showed no effect on proliferation by p38 MAP
kinase inhibitor either in presence or absence of huSCF. U937 cells showed no significant reduction in overall
survival in the presence or absence of inhibitor, suggesting no cytotoxic effects on cell survival at dose of 1 µM
at 24 hrs (Figure 7).

Figure 7. Growth inhibition by p38MAPK inhibitor in D816V-c-Kit expressing
U937 cells. Wild-type c-Kit and D816V-c-Kit expressing cells were treated
with indicated concentration of 1 µM of p38MAPK inhibitor for 24 hrs and then
cultured for 24 hrs in growth media alone or supplemented with 100 ng/mL
huSCF. Viable cells were detected by proliferation assay using MTS assay.
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5. Discussion

Receptor tyrosine kinases are one of the most important targets underlying oncogenesis as their deregulation increases cellular proliferation in hematological malignancies [5]. D816V-c-Kit mutation is considered to be the
most common gain-of-function mutation in case of mastocytosis, a myelo-proliferative neoplasm, and is involved to a lesser extent in germ-cell tumors, acute myeloid leukemia and mucosal melanoma [11]. Though,
c-Kit inhibitor, imatinib is widely used in treatment of these diseases, however, imatinib fails to inhibit cells that
exhibit the D816V mutation [12] [13]. New paradigm of cancer therapy involves the molecular characteristics of
tumor to guide the therapeutic regimens. Biological significance of D816V mutation of c-Kit needs to be defined
at molecular level to target causative kinase proteins for anti-cancer therapies.
Therefore, in the present study, we tried to understand the molecular response of mutant form of c-Kit at
D816V residue c-Kit for the following reasons: 1) c-Kit mutation at residue D816V significantly impairs the efficacy of cancer therapies, limiting the treatment options for therapies; 2) the signaling pathways activated by
D816V-c-Kit remain largely unidentified and 3) this will aid in developing novel molecular inhibitors with the
potential to overcome resistance mutations. We investigated the downstream signaling events in D816V-c-Kit
expressing cells compared to wild-type c-Kit using high-throughput gene expression profiling. Specifically, we
developed a stable mutant D816V-c-Kit expressing cellular system and studied its correlation with proliferation
and altered signal transduction compared to wild-type c-Kit expressing cells. We selected human hematopoietic
progenitor U937 cells as this cell population is huSCF and c-Kit null at mRNA transcript level, which would
eliminate the interference of host endogenous c-Kit gene expression [25]. Also, human U937 cells resource offers the opportunity to explore the study of c-Kit mutant expression and its function in the complex human conditions, thus would enable support for translational medical research in future. Expression of c-Kit gene could be
done through viral transduction; however, transduction with viral vectors involves the risk of malignant transformation [26]. Furthermore, it has been reported that low efficiency of viral transduction of HSCs in human
clinical trials severely decrease the level of chimerism or long-term repopulating ability of hematopoietic cells
[27]. Further, to avoid undesirable oncogenic effects by constitutive activated signaling, we first made an effort
to develop a system for transgene expression of c-Kit (wild-type and mutant) in a regulated manner using
Tet-off inducible gene expression vector system. Additionally, this also offers the opportunity to precisely explore and study the transgene expression and its function in mammalian cell system. In this system, transactivator (tTA) is prevented from interacting with its binding site on DNA (tetO) by the effector substance, doxycycline, at low non-toxic concentrations [28]. Consequently, induced mutant D816V-c-Kit expressing cells (without doxycycline) showed much higher expression than uninduced mutant D816V-c-Kit cells (with doxycycline
in media) by flow cytometry. Unexpectedly, mutant D816V-c-Kit expressing cells showed similar expression to
wild type c-Kit expressing cells instead of showing higher receptor expression. This is due to increased rate of
degradation of surface receptor mutant D816V-c-Kit and subsequently rapid receptor turnover [29].
After achieving the doxycycline inducible regulated transgene surface expression of c-Kit genetic construct in
the hematopoietic progenitor cell line U937, we further analyzed the proliferation of these cells towards huSCF
in vitro. We used serum-free media to avoid non-specific activation of c-Kit by other serum proteins, thus to reduce signal-to-noise ratio. Our results revealed significantly enhancedproliferation of the mutant D816V-c-Kit
expressing U937 cells as compared to wild-type c-Kit expressing cells. D816V-c-Kit expressing cells showed
similar proliferation in presence or absence of huSCF (ligand-independent) whereas wild-type c-Kit cells
showed proliferation in presence of huSCF only (ligand-dependent). huSCF showed no contribution for D816V
mediated leukemogenicity in D816V-c-Kit expressing U937 cells unlike in mast cells [30]. This signifies for
difference in mutant D816V-c-Kit downstream signaling compared to wild-type c-Kit, which ultimately regulates the cell proliferation.
Further, we attempted here to dissect downstream molecular targets of mutant D816V-c-Kit by microarray
approach using an exhaustive 44,000 probe array. Our study provides a comprehensive analysis of transcriptome
of D816V-c-Kit expressing cells. We employed three independent D816V-c-Kit transfection experiments and
routinely cultured flasks to account for biological variance. Interesting set of genes responsible for factor independent proliferation is reported here for the first time. A search for the genes regulated by D816V-c-Kit revealed up-regulation of genes involved in cellular proliferation including PIK3R1, FES, INSIG1, eIF4B; and
mitogen-activated protein kinases (MAPK) signaling pathway genes, MAP2K3 and MAPK14. The constitutively activated D816V-c-Kit mutation leads to the recruitment of major pro-oncogenic signaling cascades, such
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as the PI3K signaling, STAT, or RAS/MAPK pathway [31]. Quantitative PCR validated upregulation of PIK3R1.
Earlier studies have also shown that PIK3R1 encoded protein, p85 subunit ofPI3K, is downstream target of
D816V-c-Kit [32]. Rather, PI3K is constitutively associated with D816V-c-Kit receptor [32]. PI3K has been
earlier shown to be implicated as participant in signaling pathways regulating multiple cellular functions, including proliferation, differentiation, anti-apoptosis and tumorigenesis [33] [34]. Another proliferative gene,
FES, which encodes protein with tyrosine kinase activity, was also discerned up-regulated in mutant D816V-cKit expressing cells. This is in accordance with previous studies which have shown that FES is an essential effector of D816V-c-Kit proliferation signal. Reduction of FES expression leads to decrease in proliferation of
D816V-c-Kit expressing cells [35]. Another up-regulated gene, eukaryotic translation initiation factor 4B
(EIF4B) encode for proteins that are involved in the early initiation of protein synthesis. PI3K signaling pathway
has also been shown to be related to EIF4B [36].
MOAP1 and PRKCDBP down-regulation in mutant D816V-c-Kit expressing cells compared to wild-type
c-Kit expressing cells were also validated by quantitative PCR. MOAP1 gene encodes protein which functionally mediates caspase-dependent apoptosis by its interaction with apoptosis regulator protein [37]. The gene encoding protein kinase C delta binding protein, PRKCDBP expression has been shown to induce the G1
cell-cycle arrest and increased cellular sensitivity to various apoptotic stresses [38]. The expression of this protein was found to be down-regulated in various cancer cell lines, suggesting the possible tumor suppressor function of this protein.
Few up-regulated microarray outcome genes, selectively, SLA (1.14 fold, p < 0.15) and STAT5B (2.32 fold, p
< 0.10), did not meet the selection criteria, however, exhibit statistically significant change in expression when
assessed by quantitative RT-PCR. This difference arises because of the sensitivities of the two techniques and
use of different statistical analysis methods. It has been reported that SLA recruits ubiquitin ligases, which tag
mutant D816V-c-Kit for degradation, contributing to its lower surface expression compared to wild-type c-Kit
[39]. This is the most common mechanism through which SLA protein regulate receptor stability as well as
downstream signaling [40]. STAT5 up-regulation by mutant D816V-c-Kit expressing cells as downstream target
is consistent with STAT5 up-regulation as downstream target in D816V-c-Kit expressing HMC-1 cells important for cell proliferation. STAT activation can be aberrant as it is involved with other pathological situations [31]
[41]. The up-regulation of BCR/ABL in D816V-c-Kit expressing cells, which encodes for kinase active fusion
protein, opens the possibility that mutant D816V phosphorylates additional substrate molecules that are not
phosphorylated by wild-type c-Kit and is expected to constitute novel targets for selective therapy. Earlier studies reported that Bcr/Abl kinase is an oncogenic fusion which protects hematopoietic progenitor cells from
spontaneous apoptosis [42].
Genes known to be regulated by MAPK signaling (MAP2K3 and MAPK14) were also shown to be modulated by D816V-c-Kit expressing cells. Growing evidence suggests that p38 MAP kinase subgroup of MAPKs
is involved in cell proliferation, cell transformation and tumor progression [43]. We examined the effect of
MAPK14 gene product, p38 MAP kinase on proliferative ability of mutant D816V-c-Kit expressing cells compared to wild-type c-Kit expressing cells using inhibitor of p38 MAP kinase. Mutant D816V-c-Kit expressing
cells showed significant reduction in cell proliferation in the presence of p38MAP kinase inhibitor whereas
wild-type c-Kit expressing cells showed p38 MAP kinase independent proliferation. This suggests that
MAPK14 is implicated as important participant in signaling pathways regulating proliferation of mutant D816Vc-Kit cells. Comparative higher proliferation of huSCF treated mutant D816V-c-Kit expressing cells in presence
of p38 MAP kinase inhibitor as compared to huSCF independent mutant D816V-c-Kit expressing cells treated
with p38 MAP kinase inhibitor; suggest that factor (huSCF) independent proliferation of D816V-c-Kit expressing U937 cells is more sensitive for inhibition by p38 MAP kinase inhibitor than huSCF treated D816V-c-Kit
expressing cells. This indicates that mutant D816V-c-Kit expressing cells without huSCF are more dependent on
p38 MAP kinase signaling for proliferation as compared to mutant cells with huSCF. huSCF is a survival factor
which rescue cells from growth inhibition to some extent. Also, both factor-dependent and -independent growth
of D816V-c-Kit expressing cells was inhibited to a greater extent than huSCF induced growth of wild-type c-Kit
cells. These results highlight the likely activation of p38 MAPK signaling pathway during proliferation mediated
by D816V-c-Kit expressing cells. Though, p38 MAPK pathway becomes activated in a wide variety of cancers,
the relative importance of p38 MAPK leading to mitogenesis is variable and appears to differ among different
cell types [44]-[46]. Thus, inhibition of p38 MAPK can decrease cell survival and enhance the effects of chemotherapeutic drugs in many types of cancer cells. It seems that p38 MAP kinase signaling pathways represent a
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potential target for therapeutic intervention.
Overall, the results of this study indicate that mutant D816V-c-Kit expressing cells show upregulation of gene
expression of BCR-ABL, PI3K, SLA, p38 MAPK and STAT5 pathways for cellular proliferation (Figure 8).
Further in-depth broadband research of mutant D816V-c-Kit receptor would unveil an approach to manipulate
HSCs with molecular targeted drugs to maximize efficacy with minimal dose.

Figure 8. Schematic diagram of mutant D816V-c-Kit mediated signal transduction responsible for
cellular proliferation. STAT5 can be directly activated by the mutant c-Kit receptor in the absence of
JAK proteins. SLA and BCR-ABL phosphorylate and localize STAT5. PI3K interact with the Ras
GDP/GTP exchange protein. Recent evidence suggests that a significant amount of cross-talk occurs
between the PI3K and MAPK pathways. The MAP kinase signal transduction pathways regulate the
proliferation in a manner inextricable from other signal transduction system. Genes responsible for
mediating apoptosis (MOAP1) was found downregulated. Upregulated genes are shown in red arrows
and downregulated genes in green arrows (SLA: Src like adaptor; BCR/ABL: B-cell receptor/abelson
murine leukemia virus; STAT5B: signal transducer and activated protein; PI3K: phosphatidyl inositol-3-kinase; eIF4B: elongation initiation factor 4B; RAS: rat sarcoma; MAP2K3: Mitogen activated
protein kinase; CBP: CREB binding protein; MOAP1: Modulator of apoptosis1).
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6. Conclusion

Present study demonstrated that D816V-c-Kit mutant is a key molecular player displaying efficacy for factorindependent hematopoietic cellular hyper-proliferation. Genes (PIK3R1, eIF4B, SLA, MAPK14, STAT5) modulated upon mutant D816V-c-Kit induction reveals transformation of huSCF-dependent cells to factor independent proliferation. A better understanding of the relationship between MAP kinase signal transduction system
and the regulation of cell proliferation is essential for the rational design of novel pharmaco-therapeutic approaches [47]. Study provides a better fundamental understanding for cellular and molecular mechanism of mutant D816V-c-Kit, by revealing the up-regulation of group of genes which are known as crucial regulators of
hematopoietic proliferation and survival. Deciphering molecular targets and functional role of dozens of uncharacterized genes identified needs to be undertaken along with identification of signaling pathways that would
help pharmacologists and molecular biologists to design novel drugs targeting at site responsible for mutation
D816V mediated tumorous transformation of c-Kit.
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