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Tyrosine kinases play crucial roles in cellular development and tumorigenesis. Tyrosine kinase inhibitors (TKIs) are effective and
widely used drug molecules in targeted cancer therapies. Altered expressions of protooncogenes and tumor suppressor genes
after DMBA (7,12-dimethylbenz[a]anthracene) treatment have been described as early markers of tumor induction; however
their tissue-specific effects remain still unclear. Our study was aimed at examining the short-term possible antineoplastic and
chemopreventive effects of a TKI compound (imatinib mesylate) on a DMBA-induced mouse tumor model. In addition, we also
investigated the tissue-specific expressions ofHras, Kras, Myc, and Trp53 genes in the brain, bone marrow, spleen, liver, abdominal
lymph nodes, thymus, lungs, and kidneys, respectively. 24 hours after the imatinib mesylate injection, we observed significant Kras
downregulation in the bone marrow and lung of the DMBA-treated mice. Moreover, the mRNA expression ofMyc was also found
to be decreased significantly in the spleen. Interestingly, while Trp53 expression was significantly increased in the lung, it was
decreased in the other tissues. However, there was also a tendency in the decreasedMyc level in the bone marrow, brain, kidneys,
lungs, and lymph nodes and in the decreasedHras level in the bonemarrow, kidneys, and lungs, although no significant differences
were observed. Our findings indicate rapid tissue-specific impact of imatinib mesylate on DMBA-induced gene expression in vivo,
supporting the chemopreventive potential of imatinib mesylate in cancer.

1. Introduction

Protein kinases (PKs) play pivotal roles in cellular pro-
cesses such as metabolism, proliferation, apoptosis, immune
response, or nervous system functions. PKs regulate enzyme
activity by phosphorylating cellular proteins [1] and their dys-
regulation may lead to pathological conditions, i.e., different
types of cancers or inflammatory diseases. Therefore, PKs

have become one of the most extensively investigated drug
targets in the past two decades [2]. To date, the human PK
gene family consists of 518 members and can be categorized
into nine groups. Among them, tyrosine kinases (TKs)—and
their inhibitor molecules—are the most promising targets of
cancer studies [3]. TKs are classified as receptor and non-
receptor tyrosine kinases. Receptor tyrosine kinases (RTKs)
are transmembrane proteins consisting of an extracellular
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ligand-binding domain and an intracellular kinase domain
[4]. Nonreceptor tyrosine kinases can be found in the cytosol
and nucleus or in the inner part of the plasma membrane,
participating in the regulation of cell proliferation or differ-
entiation [5]. The activation of TKs is under tight control.
Their kinase activity is low in nonproliferating cells. On the
contrary, TK expression is extremely increased in cancer
cells, caused by ligand or receptor overexpression by various
mechanisms [6–11].

Imatinib was the first small-molecule TKI that accom-
plished a remarkable clinical success in the treatment of
chronic myeloid leukemia (CML). Imatinib mesylate inhibits
the constitutively active BCR-Abl protein kinase that is
responsible for the constant proliferation of myeloid cells
[12]. Druker et al. reported that imatinib produced a 92-
98% decrease in the number of colonies from BCR-Abl cells,
while having minimal effect on normal cells [13]. Imatinib
targets further protein kinases, including the stem cell fac-
tor receptor (c-kit) and the platelet-derived growth factor
receptor (PDGFR), whose inhibition might have potential
implications for the treatment of several malignancies [14].
Imatinib treatment is usually well-tolerated; however, side
effects may develop, e.g., edema, nausea, skin rash or moder-
ate myelosuppression [15]. Resistance to imatinib can occur
within months or years after the beginning of the treatment.
Several mechanisms of resistance have been discovered,
categorized as BCR-Abl-dependent (like point mutation in
the protein kinase domain of Abl, amplification, or overex-
pression of the gene) [16]) or independent (decreased drug
uptake, increased efflux, or upregulation of secondary signal
transduction pathway elements, such as Ras-Raf-MEK-ERK)
[17]).

Other tyrosine kinase inhibitors include sunitinib for
metastatic renal cell carcinoma [18], sorafenib for clear-cell
renal carcinoma [19], gefitinib for advanced non-small cell
lung cancer [20], erlotinib for the treatment of pancreatic
cancer [21], lapatinib for women with advanced breast cancer
[22], pazopanib for locally advanced or metastatic renal
cell carcinoma [23], vandetanib for advanced non-small-cell
lung cancer [24], and axitinib as a second line therapy for
metastatic renal cell carcinoma [25]. This class of small-
molecule drugs offers enormous promise for targeted man-
agement of malignant diseases. A growing body of evidence
suggests that suppressing the secondary signal transduction
pathway intensity by TKI-s might be promising target in
antitumor therapy [26]. Oncogenes and tumor suppressor
genes play essential roles in tumorigenesis. The ‘classical’
mammalianRASprotooncogenes (HRAS, KRAS, andNRAS),
the MYC protooncogene, and the tumor suppressor TP53
gene are of great relevance in tumorigenesis. Ras proteins are
small GTP-ase transcription factors that play a regulatory role
in MAPK and PI3K secondary signal transduction pathways.
Their disturbed functions result in cell proliferation and death
[27]. Mutant Ras proteins are constitutively active, leading
to uncontrolled cell proliferation, and can be associated
with nearly one-third of human cancers such as pancreatic,
epidermal, lung, colorectal cancers, or multiple myeloma
[28]. Myc is a member of the MYC oncogene family (Myc,
Mycn, and Mycl) that encodes a phosphoprotein being able

to transform cells through multiple pathways [29, 30]. Asso-
ciatedwith almost 70% of human cancers [31],Myc is amaster
regulator of tumorigenesis and development through mod-
ulating the activity of genes in cell proliferation, apoptosis,
tumor suppression, DNA repair, angiogenesis, and invasion
[32]. P53 is the most extensively studied tumor suppressor
protein, since its gene is mutated nearly in half of the human
tumors [33]. The majority of mutations occur in the DNA-
binding domain; however, mutations may be observed in
every region of the human TP53 gene [34, 35]. Two forms of
TP53mutation exist: ‘loss-of-function’ and ‘gain-of-function’
mutations [36]. ‘Loss-of-function’ mutations lead to loss of
oncosuppressive activity, while ‘gain-of-function’ mutations
may result in numerous different effects including enhanced
tumor cell invasion and motility [37], chemoresistance [38],
proliferation [39], and enhanced cell survival [40].

In a previous study, we investigated the antineoplastic
and chemopreventive properties of four tyrosine kinase
molecules in the liver, lung, bone marrow, and kidney of
a DMBA (7,12-dimethylbenz[a]anthracene) induced mouse
preclinical tumor model by examining the expression ofHras
and Trp53 genes. DMBA is a widely used polycyclic aromatic
hydrocarbon chemical carcinogen that initiates chemical
carcinogenesis by inducing various oncogenic mutations
resulting in lung tumor, squamous cell carcinoma, and vas-
cular tumors (hemangiomas), as well as intestinal, mammary,
uterine, or hematologic tumors [41, 42].The results suggested
that chalcone analogues, as intermediary compounds of the
flavonoid biosynthetic pathway, and plant derivatives may
possess potential chemopreventive effects [43].

In this study, we assessed the short-term tissue-specific
effects of imatinib mesylate on the expression of Hras, Kras,
andMyc and Trp53 genes in the bonemarrow, brain, kidneys,
liver, lungs, lymph nodes, spleen, and thymus of DMBA-
treated mice.

2. Materials and Methods

2.1. Experimental Animals. Six- to eight-week-old (25±5 g)
conventionally raised NMRI inbred mice (n=12, 6 males
and 6 females in each group) were involved in our study,
which was approved by the Animal Experiment Committee
of University of Pécs (BA 02/2000-16/2011). The mice were
housed six animals per cage at an ambient temperature under
a 12h:12h light:dark cycle with ad libitum access to chow food
and water.

2.2. Treatment Group Assignment. Three experimental sets
were created for the experimental agents (Figure 1). The first
set of animals was treated intraperitoneally (i.p.) with vehicle
(corn oil) and served as a negative control group. The second
set of mice (positive control) was treated i.p. with a 20mg/kg
dose of DMBA dissolved in corn oil (both compounds were
purchased from Sigma Aldrich, Budapest, Hungary). In the
third group (experimental set), animals were simultaneously
treated i.p. with 10mg/kg imatinib mesylate (4-[(4-methyl-
1-piperazinyl)methyl]-N-[4-methyl-3-[[4-(3-pyridinyl)-2-
pyrimidinyl]amino]-phenyl]benzamide methanesulfonate,
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Figure 1: Experimental design. Six- to eight-week-old (n=36) conventionally raised NMRI inbred mice were divided randomly into three sets:
the negative control group was i.p. treated with the vehicle (corn oil) (1st set, n=12), the positive control group (2nd set, n=12) was treated i.p.
with a 20mg/kg body weight dose DMBA (7,12-dimethylbenz[a]anthracene), and the experimental group (3rd set, n=12) was treated i.p. with
10mg/kg imatinib mesylate and 20mg/kg DMBA. Animals were autopsied 24 hours after treatment, and organs were dissected and stored
for further analysis.

Novartis Pharma GmbH product (Glivec), and 20mg/kg
DMBA dissolved in corn oil. Mice were sacrificed 24
hours after the injections, and organs (liver, spleen, kidney,
lung, thymus, lymph node, bone marrow, and brain) were
harvested and snap-frozen in liquid nitrogen and then stored
at - 80∘C for further use.

2.3. RNA Extraction. mg tissue samples of each organ from
the respective groups were homogenized in MagNA Lyzer
Green Beads tubes (Roche (Hungary) Ltd.) using the MagNA
Lyzer instrument (Roche (Hungary) Ltd.). Total RNA was
isolated from the tissue lysates using the EXTRAzol RNA
extraction kit (Invitrogen Life Technologies Magyarország
Kft). The RNA quality was assessed by absorption
measurement at 260/280 nm (A260/A280 was >1.8).

2.4. Gene Expression Investigations. One-step PCR including
reverse transcription and target amplification was performed
using Kapa SYBR FAST One-step RTqPCR Kit (Kapa
Biosystems) on a LightCycler 480 qPCR platform with a 96-
well format.The specific primers (IDT) formouse tumor sup-
pressor genes (Hras, 5-AATTGGGGGAGCAAGGACAT-
3); (Kras, 5-TATCCTGCTTCCCATCAGTGTTC-3 );
(Myc, 5-GTTGTGCTGGTGAGTGGAGA-3 ); (Trp53, 5-
CTTCACTTGGGCCTTCAAAA-3) and for a housekeeping
gene (Gapdh, 5-CACATTGGGGGTAGGAACAC-3) were
used in the quantitative amplification.

RT-qPCR was initiated by 5min. and 3min. incubations
at 42∘C and 95∘C, respectively, followed by 50 cycles (95∘C for
10 s, 55∘C for 20 s, and 72∘C for 20 s)with a fluorescent reading

taken at the end of each cycle. Each run was completed with
a melting curve analysis (95∘C for 5 s, 65∘C for 60 s, and 97∘C
∞) to confirm the specificity of amplification. Fluorescent
values were calculated following the ΔΔCp method on Exor
4 software (Roche (Hungary) Ltd.) and gene expressions are
reflected as relative quantification results.

2.5. Data Analysis. Statistical analyses were performed using
R software (http://www.r-project.org) and SPSS 21.0 software
(SPSS Inc., IL, USA). The differences in mRNA expression
levels were calculated using a two-tailed Student’s t-test
and were considered to be significant when p<0.05. Gene-
gene interaction networks to demonstrate the relationship
between genes in different organs/experimental sets were
generated by the GeneMania Cytoscape 3.4.0 application.
Physical, coexpression, and gene-gene interactions were
evaluated [44]. Heat map was constructed using Gene-E ver-
sion 3.0.204 (http://www.broadinstitute.org/cancer/software/
GENE-E/index.html).

3. Results

3.1. Gene Expression. Gene expression patterns of the three
experimental sets are shown on Figures 2 and 3. Importantly,
we found no gender-specific differences in the gene expres-
sion patterns.

3.1.1. Bone Marrow. In the bone marrow, DMBA injection
decreased the expressions of Hras, Kras, and Myc, respec-
tively, and increased Trp53 expression. DMBA+imatinib

http://www.broadinstitute.org/cancer/software/GENE-E/index.html
http://www.broadinstitute.org/cancer/software/GENE-E/index.html
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Figure 2: Heat map of gene expression patterns compared to the negative control. Blue boxes represent negative (down) regulation, while red
boxes indicate positive (up)regulation of the gene expression.

mesylate administration further decreased the Hras, Kras,
and Myc expressions. Compared to the negative control,
significantly lowerKras expressions were found in the second
(p<0.05) and third sets of mice (p<0.05).The combined treat-
ment also decreased the expression of the tumor suppressor
Trp53 to a significant extent (p<0.05), first (control) versus
third (DMBA + imatinib mesylate) set.

3.1.2. Brain. Compared to the negative controls, DMBA
administration resulted in increased gene expressions in
the brain; however, these changes were found to be non-
significant. Combined administration ofDMBAand imatinib
mesylate decreased the expressions of the studied genes;
however, these alterations were not significant either.

3.1.3. Kidney. DMBA increased the expressions of the Hras,
Kras, and Myc, respectively, and the expression of the Trp53,
as well. The simultaneous administration of DMBA and TKI
reduced the expression of all the investigated genes.

3.1.4. Liver. In the liver, DMBA administration lowered the
expressions of Hras, Kras, Myc, and Trp53, respectively. As
a result of the combined DMBA+TKI administration, the
decrease in the expression of these genes became reduced.

3.1.5. Lung. In the lung, mRNA expressions of the Kras
(p<0.05), Myc, and Trp53 genes were increased, while the

Hras expression was decreased following the DMBA injec-
tion. Simultaneous treatment with DMBA and TKI led to
decreased the expression of protooncogenes (Hras, Kras, and
Myc) and increased Trp53mRNA levels.

3.1.6. Lymph Nodes. In the lymphoid tissues, DMBA
decreased the Hras expression and increased the Kras
and Trp53 expressions, that remained unchanged after the
combined administration with DMBA+TKI. However, the
expression ofMyc was increased by DMBA and decreased as
a result of DMBA+TKI combination. However, this change
in mRNA expression was not statistically significant.

3.1.7. Spleen. Hras and Kras gene expressions were decreased
after DMBA injection, although they did not change
after DMBA+TKI administration. In turn, DMBA induced
increased expressions of Myc (p<0.05) and decreased Trp53
expressions after treatment (DMBA+TKI).

3.1.8. Thymus. In the thymus, DMBA increased the expres-
sions of Kras, Myc and Trp53, respectively, while decreasing
theHras expression. As a result of combined administration of
DMBA+imatinib mesylate, the expressions ofKras and Trp53
were found to be reduced compared to the negative control.
Additionally, the expression ofMyc showed an increase, while
the expression ofHras remained unaltered after the combined
injections.
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Figure 3: Gene expression pattern of experimental groups in different organs. ∗ p<0,05.

3.2. Gene Network. Figure 4 shows the fold regulation of gene
expressions in selected organs and their predicted interac-
tions among the different regulatory genes. We observed sig-
nificant alterations in gene expressions in the bone marrow,
lung, and spleen. Our network analysis revealed that Hras,

Kras, and Myc protooncogenes and Trp53 tumor suppressor
gene have extensive connections to other regulatory genes.
Zhx2 (also known as RAF) is a homodimeric transcription
factor that belongs to the zinc fingers and homeoboxes gene
family [45], Abi1 (abl interactor 1) is an adaptor protein
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Figure 4: A gene-gene interaction network presenting the correlation among the fold regulation of Kras, Hras, Myc, and Trp53 genes in the
represented organs and their predicted interactions with 10 functionally related genes. The 10 correlated genes were obtained using the
GeneMania application of Cytoscape; level of significance: ∗ (p < 0.05).

that facilitates several signal transduction pathways, reg-
ulates actin polymerization and cytoskeleton remodeling,
and therefore has a role in cell proliferation [46]. Tcf4
(transcription factor 4) is essential for neuronal development
[47], and Tsc2 (TSC complex subunit 2) gene codes a tumor
suppressor protein (tuberin), mutation of which (together
with mutation of hamartin, coded by Tsc1) causes tuberous
sclerosis complex [48].Huwe1 encodes an E3 ubiquitin ligase
protein that is responsible for ubiquitination and degradation
of the antiapoptotic protein Mcl1 (myeloid cell leukemia
sequence 1 (Bcl2-related)) [49]. Cdkn2a (cyclin dependent
kinase inhibitor 2a) is an important tumor suppressor gene,
having at least three alternative spliced variants that code
twoCDK4 inhibitors and one p53 stabilizer protein, therefore
playing a pivotal role in cell cycle G1 control [50].Nde1 (nudE
neurodevelopment protein 1) gene codes a protein that has
essential role in microtubule organization, mitosis, and neu-
ronal migration, mutation of which can be associated with
lissencephaly [51].Kmt5a (lysine methyltransferase 5a) codes
a protein that is a transcriptional repressor and is important
for cell proliferation and chromatin condensation [52].Mcm4
(minichromosomemaintenance complex component 4) gene
codes a protein that is highly conserved and important for ini-
tiation of eukaryotic genome replication [53]. Eif4e (eukary-
otic translation initiation factor 4E) functions as a protoonco-
gene; its product helps the initiation of translation [54].

4. Discussion

Several studies have demonstrated the role of tyrosine kinases
in human diseases [55, 56]. Consequently, tyrosine kinases

have become one of the main areas of pharmacological
experiments intended to develop targeted drugs [57]. Protein
tyrosine kinase inhibitors are small molecules that are able
to diffuse through the cell membrane targeting cytoplasmic
kinases or the intracellular domain of receptor tyrosine
kinases. TKIs are currently booming and are widely used
in cancer cure either in the form of monotherapy or in
combination with other chemotherapeutic agents [58].

In our present study, we investigated the potential chemo-
preventive effect of imatinib mesylate that is the first small-
molecule tyrosine kinase inhibitor used inCMLand gastroin-
testinal stromal tumor (GIST) [59, 60]. To date, our study is
among the first ones to examine the possible preventive effect
of imatinib mesylate by studying the alterations in DMBA-
induced gene expression levels and trying to put the results
into the gene network of different protooncogenes (Hras,
Kras, and Myc) and a tumor suppressor gene (Trp53) in a
short-term experiment. The outcomes shown here suggest
that imatinib mesylate might have a possible mitigating role
in diseases beyond CML and GIST.

Major results of the present study include that short-
term DMBA treatment (i) elevated the expression of all the
three protooncogenes (Hras, Kras, and Myc) in the brain
and kidneys; (ii) increased the level of Kras and Myc in the
lung, lymph nodes and thymus; (iii) increased the expression
of the tumor suppressor gene Trp53 that can be considered
an adaptive physiologic countermeasure in response to a
chemical carcinogen.These phenomena have been previously
described by several investigations, concluding that DMBA is
a potent inducer of chemical carcinogenesis and can be used
for studying different types of malignant tumors. DMBA is a
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polyaromatic hydrocarbon similar to hydrocarbons to which
humans can be exposed. DMBA causes point mutations in
protooncogenes like Hras that is common in human carci-
nomas [61]. In the bone marrow and liver, DMBA decreased
the expression level of Hras, Kras, andMyc. This observation
might be explained by the fact that DMBA is a carcinogenesis
inducer, and it is usually applied simultaneously with a
carcinogenesis promoter, e.g., 12-O-tetradecanoylphorbol 13-
acetate (TPA) [62].Therefore, in case of the bonemarrow and
liver, DMBA might not be enough for complete tumorige-
nesis. In the spleen, the elevated level of Myc was the only
prominent and significant alteration in the gene expression
pattern. Several studies have elucidated the role of Myc
in tumorigenesis. Probably the best-established association
is that nearly every case of Burkitt’s lymphoma involves
rearrangement and therefore overexpression of Myc with a
regulatory element of immunoglobulin heavy or light chains
or other nonrandom somatic mutations of the gene [63, 64].
The results of the aforementioned studies correlate with our
finding of elevated expression of Myc in the spleen and
lymph nodes as a consequence of DMBA treatment. The
increased expression of the examined four genes gain more
importance in the context of their extensive gene network.
Zhx2 (also known as RAF) has previously been associated
with Hodgkin lymphoma [65] and hepatocellular carcinoma
[66]; Abi1 (abl interactor 1) has a role in colorectal carcinoma
development and invasion [67] and also in neuroblastoma
propagation [68]. Aberrant function of Tcf4 (transcription
factor 4) has been reported in glioblastoma [69] and in
colorectal tumors [70]. Tsc2 (TSC complex subunit 2) gene
codes a tumor suppressor protein (tuberin), mutation of
which have been associated with tumors in the brain, lungs,
kidneys, skin, heart, uterus, and eyes [71, 72].Huwe1 encodes
an E3 ubiquitin ligase protein that is required for the
development of colorectal carcinoma and ovarian tumors
[73, 74]. Cdkn2a (cyclin dependent kinase inhibitor 2a) is
an important tumor suppressor gene predisposing to several
tumors, e.g., urothelial carcinoma, hereditary melanoma,
pancreas cancer, or non-small-cell lung cancer [75–77]. Nde1
(nudE neurodevelopment protein 1) gene codes a protein that
has essential role in microtubule organization and mitosis,
and recent studies have elucidated its potential role in acute or
chronic myeloid leukemia [78, 79].Mcm4 (minichromosome
maintenance complex component 4) has been reported to
be upregulated in ovarian cancer, skin cancer, or esophageal
carcinoma [80–82]. Eif4e (eukaryotic translation initiation
factor 4E) functions as a protooncogene; its product has
been suggested to regulate expression of proteins that are
crucial for cell cycle progression, cell survival, andmotility. A
growing body of evidence implicates this translational factor
in cell transformation, tumorigenesis, or tumor progression,
e.g., in case of prostate cancer, lymphomas, CML, or lung
cancers [83].

As it is suggested by the extensive gene network of the
examined genes, cancer development involves more than one
transforming events and the interaction of several oncogenes
and tumor suppressor genes. This network and series of
events offers numerous opportunities to effectively influence
the process of tumorigenesis.

In the lungs, the expression of protooncogenes (Hras,
Kras, and Myc) and their connections to other genes coding
transcription factors or cell proliferation regulators (e.g.,
Tcf4, Abi1, and Zhx2) prominently decreased as a result of
the short-term combined DMBA+TKI treatment, while the
expression of Trp53 gene increased. Comparing to the nega-
tive control, the decrease in Kras expression was significant.

In the bone marrow, DMBA+TKI combined treatment
significantly decreased the expression and gene interactions
of the Kras and Trp53.

DMBA+TKI treatment could significantly decrease the
DMBA-induced increase in the expression and gene inter-
actions of Myc protooncogene. The expression of the tumor
suppressor Trp53 also decreased following the combined
treatment; however, this decrease was not significant.

Outcomes of our short-term experiment suggest that pro-
tein tyrosine kinase inhibitor treatment (imatinib mesylate)
simultaneously administered with the chemical carcinogen,
DMBA,might have an impact on the expression pattern of the
examined protooncogenes (Hras, Kras, and Myc) and tumor
suppressor gene (Trp53), therefore on the tumorigenesis,
controlled by these genes.

Imatinib mesylate is a well-known small-molecule
inhibitor of tyrosine kinases. In our study, this drug was able
to decrease significantly the expression of Kras oncogene in
the bone marrow and in the lung, as well as the expression
of Myc oncogene in the spleen. Additionally, Myc mRNA
expressions were tended to be lowered in the bone marrow,
brain, kidneys, lungs, and lymph nodes and we also observed
tendencies in the HrasmRNA expressions to be decreased in
the bonemarrow, kidneys, and lungs, although these changes
were not statistically significant. The reduced expression of
these oncogenes may be attributed to the kinase inhibitor
effect of imatinib mesylate, as described by other recent
studies. Among others, Lorri Puil et al. reported that BCR-
Abl was able to activate Ras signaling in CML, by creating
a direct link between Grb2 and mSos1 that are responsible
for the conversion of inactive GDP-bound form of Ras into
the active, GTP-bound form. Therefore, inhibiting BCR-Abl
kinase activity may downregulate Ras signaling in CML [84].

BesidesRas signaling, BCR-Abl kinase can indirectly acti-
vate Myc either through the Janus-activated kinase 2 (JAK2)
pathway [85] or by the mitogen-activated protein kinase
(MAPK) pathway [86]. It is tempting to speculate that ima-
tinib might have decreased the expression ofMyc well before
itsDMBA-induced overexpression. CallahanR. et al. revealed
that imatinibmesylate was able to induce complete regression
of mammary tumor and restore lobuloalveolar development
and lactation by inhibiting Notch4 andMyc signaling, which
result also support the idea of therapeutic potential of
imatinib mesylate, other than CML and GIST [87].

PDGF isoforms and their receptors (PDGFRs) are con-
sidered as prototypes of growth factors and receptor tyrosine
kinases for more than 25 years. They are essential for nor-
mal gastrulation and cranial, neuronal, cardiac, pulmonary,
intestinal, gonadal, hematological, skin, renal, and skeletal
development, as well as for hematopoiesis, through the
secondary signal transduction pathway, including activa-
tion of Ras and the downstream Raf and MAPK cascades
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[88]. However, overexpression or mutational events in the
PGDFR gene may drive tumor development and progression
[89]. Recent studies have elucidated the role of PDGFRs
in the evolution of different nervous system tumors, i.e.,
glioblastoma [90], ependymoma [91], meningioma [92],
and schwannoma (in which PDGFR mutation is usually
associated with c-kit overactivation [93]). In addition to
brain tumors, the role of mutant PDGFR has numerously
been emphasized in other malignant diseases, like dermatofi-
brosarcoma protuberans [94], gastrointestinal stromal tumor
(GIST) [95], osteosarcoma [96], alveolar rhabdomyosarcoma
[97], chronic myeloid leukemia (CML) [98], prostate cancer
[99], liver cancer [100], non-small-cell lung cancer [101],
and colorectal cancer [102] and in breast cancer [103]. There
have been numerous attempts to inhibit the activity of
PDGFRs, including tyrosine kinase inhibitors, like imatinib
or sorafenib, and also several antibodies targeting the differ-
ent PDGF isoforms or the receptors themselves to prevent
their activation. In general, antibodies aremuchmore specific
therapeutic tools; however, their administration is expen-
sive and sometimes inconvenient. Tyrosine kinase inhibitors
are not specific; they have the potential to inhibit more
kinases—and in this way have more adverse effects—as ima-
tinib is able to inhibit PDGFRs, Abl kinases, and the stem cell
receptor c-kit, but in cancer treatment, it can be advantageous
to target more than one component of tumorigenesis [89].

Kras, Hras, and Myc are the executive elements of
numerous oncogenic pathways, so they can be favorable to
inhibit a common point of tumorigenesis by one molecule.
p53 is the best characterized tumor suppressor protein, as it
is able to induce cell cycle arrest or cell death in response to
hypoxia and incorrigible genetic mutations, while mutations
of TP53 gene have been associated with more that 50%
of human tumors [104]. There is growing evidence that
these mutations are ‘loss-of-function’ mutations; however,
missense mutations may result in simultaneous gain of
functions that have usually detrimental effect to the cell
[105]. Numerous studies have reported that mutant p53
played a key role in tumor development, progression, and
invasion of several cancer types, e.g., in case of breast cancer
[106], lung cancer [107], colorectal cancer [108], different
brain tumors, and gastric adenocarcinoma [109]. In our
present study, short-term imatinib mesylate treatment
administered simultaneously with DMBA resulted in a
prominent increase in the Trp53 expression in the lung,
while decreasing it in all the other tissues.These data indicate
a possible ‘gain-of-function’ mutation in the gene of the
tumor suppressor p53 protein and that imatinib mesylate
attempted to decrease the level of this aberrant protein.

Based on our recent and previous findings we suggest that
imatinib mesylate is a promising chemotherapeutic agent for
prevention and management of several malignant tumors by
decreasing the mRNA expression of the protooncogenes and
the mutant Trp53 gene.

5. Conclusion

The outcomes of the present study demonstrate that imatinib
mesylate decreases themRNAexpressions ofHras, Kras,Myc,

and Trp53 genes in certain organs after 24 hours of a single
dose of TKI treatment in a DMBA-induced mouse tumor
model. These results suggest its preventive and curative roles
in malignant diseases.
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[67] K. Steinestel, S. Brüderlein, J. K. Lennerz et al., “Expression
and Y435-phosphorylation of Abelson interactor 1 (Abi1) pro-
motes tumour cell adhesion, extracellular matrix degradation
and invasion by colorectal carcinoma cells,” Acta Veterinaria
Scandinavica, vol. 13, no. 1, p. 145, 2014.

[68] X. Liu, H. Peng, W. Liao et al., “MiR-181a/b induce the growth,
invasion, andmetastasis of neuroblastoma cells through target-
ing ABI1,”MolecularCarcinogenesis, vol. 57, no. 9, pp. 1237–1250,
2018.

[69] J.-X. Zhang, J. Zhang, W. Yan et al., “Unique genome-wide
map of TCF4 and STAT3 targets using ChIP-seq reveals their



BioMed Research International 11

association with new molecular subtypes of glioblastoma,”
Neuro-Oncology, vol. 15, no. 3, pp. 279–289, 2013.

[70] M. B. Meyer, P. D. Goetsch, and J. W. Pike, “VDR/RXR
and TCF4/𝛽-catenin cistromes in colonic cells of colorectal
tumor origin: Impact on c-FOS and c-MYC gene expression,”
Molecular Endocrinology, vol. 26, no. 1, pp. 37–51, 2012.

[71] H. Prizant, A. Sen, A. Light et al., “Uterine-specific loss of
Tsc2 leads to myometrial tumors in both the uterus and lungs,”
Molecular Endocrinology, vol. 27, no. 9, pp. 1403–1414, 2013.

[72] H. Northrup, M. K. Koenig, and D. A. Pearson, “Tuberous
Sclerosis Complex,” in GeneReviews((R)), M. P. Adam, Ed.,
Seattle, Wash, USA, 1993.

[73] S. Peter, J. Bultinck, K. Myant et al., “Tumor cell-specific
inhibition of MYC function using small molecule inhibitors of
the HUWE1 ubiquitin ligase,” EMBO Molecular Medicine, vol.
6, no. 12, pp. 1525–1541, 2014.

[74] D. Yang, B. Sun, X. Zhang et al., “Huwe1 sustains normal ovarian
epithelial cell transformation and tumor growth through the
histone H1.3-H19 cascade,” Cancer Research, vol. 77, no. 18, pp.
4773–4784, 2017.

[75] P. H. Kim, E. K. Cha, J. P. Sfakianos et al., “Genomic predictors
of survival in patients with high-grade urothelial carcinoma of
the bladder,” European Urology, vol. 67, no. 2, pp. 198–201, 2015.

[76] F. Jouenne, I. C. de Beauchene, E. Bollaert et al., “Germline
CDKN2A/P16INK4A mutations contribute to genetic deter-
minism of sarcoma,” Journal of Medical Genetics, vol. 54, no. 9,
pp. 607–612, 2017.

[77] D. P. Bradly, P. Gattuso, M. Pool et al., “CDKN2A (p16)
Promoter hypermethylation influences the outcome in young
lung cancer patients,” Diagnostic Molecular Pathology, vol. 21,
no. 4, pp. 207–213, 2012.

[78] B. A. Van Der Reijden, M. Massop, A. Simons, T. De Witte, M.
Breuning, and J. H. Jansen, “The NDE1 gene is disrupted by
the inv(16) in 90% of cases with CBFB-MYH11-positive acute
myeloid leukemia,” Leukemia, vol. 24, no. 4, pp. 857–859, 2010.

[79] R. La Starza, R. Rosati, G. Roti et al., “A new NDE1/PDGFRB
fusion transcript underlying chronic myelomonocytic leu-
kaemia inNoonan Syndrome,” Leukemia, vol. 21, no. 4, pp. 830–
833, 2007.

[80] L. Xie, T. Li, and L. H. Yang, “E2F2 inducesMCM4,CCNE2 and
WHSC1 upregulation in ovarian cancer and predicts poor over-
all survival,” European Review for Medical and Pharmacological
Sciences, vol. 21, no. 9, pp. 2150–2156, 2017.

[81] Y. Ishimi and D. Irie, “G364R mutation of MCM4 detected
in human skin cancer cells affects DNA helicase activity of
MCM4/6/7 complex,” The Journal of Biochemistry, vol. 157, no.
6, pp. 561–569, 2015.

[82] B. Choy, A. LaLonde, J. Que, T. Wu, and Z. Zhou, “MCM4 and
MCM7, potential novel proliferation markers, significantly cor-
related with Ki-67, Bmi1, and cyclin E expression in esophageal
adenocarcinoma, squamous cell carcinoma, and precancerous
lesions,” Human Pathology, vol. 57, pp. 126–135, 2016.

[83] U. Laemmll, E. Mölbert,M. Showe, and E. Kellenberger, “Form-
determining function of the genes required for the assembly of
the head of bacteriophage T4,” Journal of MolecularBiology, vol.
49, no. 1, pp. 99–113, 1970.

[84] L. Puil, J. Liu, G. Gish et al., “Bcr-Abl oncoproteins bind directly
to activators of the Ras signalling pathway,” EMBO Journal, vol.
13, no. 4, pp. 764–773, 1994.

[85] S. Xie, H. Lin, T. Sun, and R. B. Arlinghaus, “Jak2 is involved
in c-Myc induction by Bcr-Abl,” Oncogene, vol. 21, no. 47, pp.
7137–7146, 2002.

[86] M. Notari, P. Neviani, R. Santhanam et al., “A MAPK/HNRPK
pathway controls BCR/ABL oncogenic potential by regulating
MYC mRNA translation,” Blood, vol. 107, no. 6, pp. 2507–2516,
2006.

[87] R. Callahan, B. A. Chestnut, and A. Raafat, “Original Research:
Featured Article: Imatinib mesylate (Gleevec) inhibits Notch
and c-Myc signaling: Five-day treatment permanently rescues
mammary development,” Experimental Biology and Medicine,
vol. 242, no. 1, pp. 53–67, 2017.

[88] J. Andrae, R. Gallini, and C. Betsholtz, “Role of platelet-
derived growth factors in physiology and medicine,” Genes &
Development, vol. 22, no. 10, pp. 1276–1312, 2008.

[89] C. H. Heldin, “Targeting the PDGF signaling pathway in tumor
treatment,”Cell Communication and Signaling, vol. 11, article 97,
2013.

[90] M. Nister, T. A. Libermann, C. Betsholtz et al., “Expression
of messenger RNAs for platelet-derived growth factor and
transforming growth factor-alpha and their receptors in human
malignant glioma cell lines,”Cancer Research, vol. 48, no. 14, pp.
3910–3918, 1988.

[91] L. Moreno, S. Popov, A. Jury, S. Al Sarraj, C. Jones, and S.
Zacharoulis, “Role of platelet derived growth factor receptor
(PDGFR) over-expression and angiogenesis in ependymoma,”
Journal of Neuro-Oncology, vol. 111, no. 2, pp. 169–176, 2013.

[92] P. Y.Wen,W. K. A. Yung, K. R. Lamborn et al., “Phase II study of
imatinibmesylate for recurrentmeningiomas (NorthAmerican
Brain Tumor Consortium study 01-08,”Neuro-Oncology, vol. 11,
no. 6, pp. 853–860, 2009.

[93] J. Mukherjee, D. Kamnasaran, A. Balasubramaniam et al.,
“Human schwannomas express activated platelet-derived
growth factor receptors and c-kit and are growth inhibited by
gleevec (imatinib mesylate),” Cancer Research, vol. 69, no. 12,
pp. 5099–5107, 2009.

[94] B.Malhotra and S.M. Schuetze, “Dermatofibrosarcoma protru-
berans treatment with platelet-derived growth factor receptor
inhibitor: A review of clinical trial results,” Current Opinion in
Oncology, vol. 24, no. 4, pp. 419–424, 2012.

[95] M.C.Heinrich, C. L. Corless, A.Duensing et al., “PDGFR𝛼acti-
vating mutations in gastrointestinal stromal tumors,” Science,
vol. 299, no. 5607, pp. 708–710, 2003.

[96] C. Betsholtz, B. Westermark, B. Ek, and C.-H. Heldin, “Coex-
pression of a PDGF-like growth factor and PDGF receptors
in a human osteosarcoma cell line: Implications for autocrine
receptor activation,” Cell, vol. 39, no. 3, pp. 447–457, 1984.

[97] E. Taniguchi, K. Nishijo, A. T. McCleish et al., “PDGFR-A is a
therapeutic target in alveolar rhabdomyosarcoma,” Oncogene,
vol. 27, no. 51, pp. 6550–6560, 2008.

[98] T. R. Golub, G. F. Barker, M. Lovett, and D. G. Gilliland,
“Fusion of PDGF receptor 𝛽 to a novel ets-like gene, tel, in
chronic myelomonocytic leukemia with t(5;12) chromosomal
translocation,” Cell, vol. 77, no. 2, pp. 307–316, 1994.

[99] Y. J. Ko, E. J. Small, and F. Kabbinavar, “A multi-institutional
phase ii study of SU101, a platelet-derived growth factor receptor
inhibitor, for patientswith hormone-refractory prostate cancer,”
Clinical Cancer Research, vol. 7, no. 4, pp. 800–805, 2001.

[100] J. Gotzmann, A. N. Fischer, and M. Zojer, “A crucial function
of PDGF in TGF-beta-mediated cancer progression of hepato-
cytes,” Oncogene, vol. 25, no. 22, pp. 3170–3185, 2006.

[101] A. S. Tsao, W. Wei, E. Kuhn et al., “Immunohistochemical
overexpression of platelet-derived growth factor receptor-beta
(PDGFR-𝛽) is associated with PDGFRB gene copy number



12 BioMed Research International

gain in sarcomatoid non-small-cell lung cancer,” Clinical Lung
Cancer, vol. 12, no. 6, pp. 369–374, 2011.

[102] G. Lindmark, C. Sundberg, B. Glimelius, andL. Påhlman, “Stro-
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