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an increased clonal proliferation of one or more myeloid 
lineages [1,2]. According to the World Health Organiza-
tion (WHO), the classical myeloproliferative neoplasm 
can be divided into two major groups namely the Phil-
adelphia chromosome positive group which includes 
chronic myeloid leukemia (CML) and the Philadelphia 
chromosome negative groups which includes Essential 
Thrombocythemia (ET), Polycythemia Vera (PV) and 
Primary Myelofibrosis (PMF) [3]. Due to an underlying 
clonal proliferation, patients with myeloproliferative 
neoplasms suffer complications including thrombosis 
and haemorrhage. Over time, patients develop pro-
gressive bone marrow failure and may also transform 
to acute myeloid leukemia. Studies identified three 
main mechanisms of pathophysiology which include 
(i) Somatic driver mutations that stimulate activation 
of various tyrosine kinase pathways, (ii) Cooperating 
driver mutations in myeloid genes and, (iii) Uncommon 
genetic factors that initiate different clinical neoplastic 
phenotypes [4].

Oncogenes in Myeloproliferative Neoplasms
Underlying myeloproliferative neoplasms are abnor-

malities in various genes involved the tyrosine kinase 
signaling pathways [5]. These may include:
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Abstract
 Concerted efforts have been made by scientists over the 
last decades in elucidating the molecular mechanisms lead-
ing to myeloproliferative neoplasms. The identification of on-
cogenic mutations in signal transduction pathways revealed 
the role of specific pathways in inducing excessive prolifer-
ation of myeloid lineages. The subsequent development of 
mouse models carrying mutations found in patients proved 
that the aberrant activation of these specific pathways 
plays a crucial role in the pathology of myeloproliferative 
neoplasms. This led to the development of tyrosine kinase 
inhibitors for the treatment of patients. However, reduced 
selectivity, incomplete inhibition, drug resistance and drug 
induced toxicities remains a major challenge with current 
therapy regimens. System biology is a novel technology that 
holds great potentials for achieving better clinical outcomes 
for tyrosine kinase inhibition therapy. This review presents 
an overview on the need to apply system biology techniques 
in developing improved tyrosine kinase inhibitors for my-
eloproliferative neoplasms.
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Introduction
Myeloproliferative neoplasms are a heterogeneous 

group of hematological malignancies characterized by 
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ABL mutations

Abelson murine leukemia viral gene (ABL) located on 
chromosome 9q34.1 is a cytoplasmic tyrosine kinase. 
Physiological functions of ABL include nonerythoid my-
elopoiesis and cytoskeletal rearrangement including 
regulation of small GTPases, inhibition of cell migration 
and F-actin binding. The most extensively studied ABL 
mutation is BCR-ABL; the disease causing mutation in 
chronic myeloid leukemias [6].

JAK 2 mutations

JAK 2 is a cytoplasmic tyrosine kinase required for 
signal transduction from type 1 cytokine receptors 
which include those for thrombopoientin, erythropoi-
entin and granulocyte colony stimulating factor and 
therefore play a vital role in myelopoiesis. A valine to 
phenylalanine substitution at codon 617 (V617F) of the 
JAK2 gene has been identified in over 95% of patients 
with polycythemia vera, 50-60% of those with essential 
thrombocythemia or primary myelofibrosis. JAK2 exon 
12 mutations has also been identified in small propor-
tion of JAK2V617F negative polycythemia vera patients 
with a frequency of 2-3% [7].

MPL mutations

MPL is located in chromosome 1p34 and encodes for 
the thrombopoientin receptor. A missense mutation in 
the exon 10 of the myeloproliferative leukaemia (MPL), 
the human homologue of the murine myeloprolifer-
ative leukaemia virus oncogene which is the cell sur-
face receptor for thrombopoientin such as M515L and 
M515K(less commonly S505N) have been reported in 
patients with ET and MF.MPL mutations are associated 
with increased JAK-STAT,ERK and AKT signaling [7].

CALR mutations

Calreticulin (CARL) is known to be involved in the 
regulation of calcium uptake and release in endoplas-
mic reticulum and acts as a chaperone together with 
calnexin and ERp57 to form part of the regulatory ma-
chinery involved in the folding and quality control of 
newly synthesized glycoproteins. Mutations in the cal-
reticulin gene are also found in approximately 25-35% 
of patients with ET and 35-40% of those with MF [8].

LNK mutations

The lymphocyte specific adaptor protein also known 
as Src homology 2B3 (SH2B3) is an adaptor protein that 
negatively affects the JAK-STAT signaling. Loss of func-
tion mutations of LNK at exon 2 have been reported in 
myeloproliferative patients [2].

CBL mutations
Casitas B-lineage lymphoma proto-oncogene is an 

E3 ubiquitin ligase which is specifically involved in the 
ubiquitination of a number of receptor tyrosine kinases 

as well as having a role in intracellular signal transduc-
tion. Its targets include PDGFR, c-KIT, FLT3 and MPL mu-
tations in the RING domain responsible for CBL’s ligase 
activity have been described in myeloproliferative neo-
plasms [7].

Other mutations
A number of other mutations including the SOCS 

protein another class of regulator of JAK2 signaling and 
mutations increasing the RAS pathway signaling have 
also been observed in a small number of patients. Re-
cently, some developmental pathways such as MAPK, 
Hedgehog, Wnt and Notch have been shown to play a 
role and might be a promising area of research as possi-
ble therapeutic targets.

Tyrosine Kinase Inhibition Therapy
Advances in the understanding of the oncogenic ac-

tivation of tyrosine kinases in myeloproliferative neo-
plasms has led to the development of novel tyrosine 
kinase inhibition therapy such as BCR-ABL + Inhibitors, 
P13K inhibitors and JAK2 inhibitors [9].

BCR-ABL + Inhibitors
The discovery of BCR-ABL was one of the most influ-

ential findings for the treatment of myeloproliferative 
neoplasms as this eventually identified the first target 
for specific tyrosine kinases, paving the way for direct 
drug therapies in patients [10]. Imatinib (STI 571) was 
developed as the first molecular targeted therapy that 
specifically inhibits the BCR-ABL tyrosine kinase activi-
ty in patients with chronic myeloid leukemia. Due to 
its excellent hematologic responses in patients, Imati-
nib was approved as the first line treatment for newly 
diagnosed CML [10]. However, resistance to the drug 
has been frequently reported and is attributed to the 
fact that transformation of hematopoietic stem cells 
by BCR-ABL is associated with genomic instability with 
point mutations within the ABL tyrosine kinase of the 
BCR-ABL oncoprotein identified as the major cause of 
resistance though over expression of the BCR-ABL pro-
tein and some acquired cytogenetic aberrations have 
also been reported [11]. A variety of strategies including 
the escalation of Imatinib, combination of Imatinib with 
chemotherapeutic drugs, alternative BCR-ABL inhibitors 
and inhibitors of kinases acting downstream of BCR-ABL 
lead to the design of newer BCR-ABL inhibitors such as 
AMN107, BMS354825, ONO12380 yet it remains a chal-
lenge to creating a new drug that are more potent than 
Imatinib and/or more effective against Imatinib resis-
tant BCR-ABL clones [11].

P13K pathway inhibitors
The phosphatidylinositol 3-kinase enzyme is involved 

in the control of protein synthesis, growth, survival and 
proliferation of myeloid cells. The P13K pathway plays 
a central role in the pathogenesis of myeloproliferative 
neoplasms. Its molecular signaling has emerged as one 
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The challenges of tyrosine kinase inhibition ther-
apy

The aim of tyrosine kinase inhibition therapy for 
myeloproliferative neoplasms has not been achieved. 
There are limitations with respect to limited efficacy, se-
lectivity and dose-limited toxicities [16]. A major mech-
anism of this is the acquisition of secondary mutations 
in the protein being targeted. This has been shown in 
the Abl-kinase inhibitors for chronic myeloid leukemia 
[17]. A second mechanism is the activation of alternate, 
bypass pathways in some malignancies. In EGFR mutant 
non-small cell lung cancer treatment, EGFR inhibitors 
can lead to downstream activation of P13K signaling 
in an EGFR - dependent manner. Such a mechanism is 
possible in myeloproliferative neoplasms as well [18]. 
A third mechanism is insufficient pathway inhibition at 
clinically tolerable doses. JAK2 inhibitors in clinical de-
velopment are not specific for mutant JAK2 and can also 
efficiently inhibit wild type JAK2. Therefore, using dos-
es that are capable of inhibiting mutant JAK2 activity is 
bound to also have adverse effects on normal hemato-
poiesis. This is the cause of the dose limiting toxicities 
involving profound cytopenias observed in treatment 
with JAK2 inhibitors [19]. There is therefore need for 
new inhibitors or combination therapies which will not 
only ameliorate symptoms but could arrest clonal pro-
liferation of the myeloid stem cells. New generation of 
tyrosine kinase inhibitors targeting unique sequences 
for the signaling pathways need to be developed. Such 
inhibitors will be less toxic and will target the clonal 
complexities of the disease [20].

Perspective for a system biology framework
System biology provides a network analysis of dis-

ease related genes and drug targeting of signaling path-
ways which could enable the discovery of drugs with the 
potential desired effects for a given disease [20-22]. It 
enables integrated view of biological systems by study-
ing all the translated proteins in a cell [23]. This can be 
applied to enhance our understanding of the complex-
ity of multiple oncogenic mechanisms implicated in 
myeloproliferative neoplasms with respect to tyrosine 
kinase inhibitor interactions. Integrated computational 
technologies are currently being explored for various 
cancer phenotypes to identify common mechanisms 
that drive the clonal proliferation of cells including ab-
errant metabolisms and possible tolerant drug doses or 
combination therapies [24]. In a recent study, Shank, 
et al. [16] designed a mathematical model consisting of 
multiple components that was parameterized using in 
vitro data which predicted the efficacies of different dos-
ing strategies for Ruxolitinib in silico enabling the testing 
of the hypothesis about the best intermittent treatment 
strategies to be validated in an in vivo myeloprolifera-
tive murine model. Through this, it was shown that an 
intermittent treatment strategy could lead to increased 
efficacy and/or reduced toxicity in patients.

of the most attractive targets in myeloproliferative neo-
plasms due to its central role in integrating signals from 
different receptor kinases such as AKT and mTOR to 
regulate cell proliferation. The P13K pathway inhibitors 
can be broadly classified as inhibitors of P13K, AKT and 
mTOR. Though some of these molecules hold promise, 
the success so far has been limited. Clinical trials with 
GSK1059615, a P13K inhibitor, GSK690693 an AKT inhib-
itor and AZD2014 an mTOR inhibitor has been suspend-
ed due to drug induced toxicities [8]. Newer inhibitors 
which can target P13K pathway at more than one node 
commonly referred to as dual-specificity inhibitors and 
P13K inhibitors in combination with other chemothera-
peutic agents has shown limited efficacy [8].

JAK2 inhibitors

Following the identification of activating mutations 
in the JAK-STAT pathway, there were concerted efforts 
put into the development of substances that can target 
the kinase activity of JAK2. These are commonly referred 
to as the JAK inhibitors. JAK inhibitors could be classified 
into two groups of allosteric and non-allosteric inhibi-
tors depending on their mechanism of action and region 
targeted for therapy.

Non-allosteric inhibitors

There are two types namely the type 1 inhibitors 
and type II inhibitors. While type I inhibitors target the 
ATP-binding site of JAK2 in the active conformation 
of the kinase domain, the type II inhibitors target the 
ATP-binding site of its kinase domain in the inactive con-
formation. Type I inhibitors have been prominent in the 
management of myeloproliferative disorders [12]. Rux-
olitinib, a Type I inhibitor has been recently approved 
for the treatment of myeloproliferative disorders by the 
US food and Drug Administration. Though, it is still at 
the early stages of clinical trials. Type II inhibitors are 
more effective and powerful than type I inhibitors. Two 
type II inhibitors (NVP - BBT594 and NVP-CH2868) have 
been developed. The NVP – BBT594 was effective in my-
eloproliferative neoplasm cellular models while NVP-
CH2868 has been effective in preclinical mouse myelop-
roliferative models [12,13].

Allosteric inhibitors

These are inhibitors which bind to other sites differ-
ent from the ATP-kinase binding active sites. There are 
two types namely type III inhibitors which bind to a site 
close to the ATP-binding site (e.g. LS104) and type IV 
inhibitors which bind to an allosteric site far from the 
ATP-binding Site (e.g. ONO44580). Targeting regions 
outside the ATP-binding site provides an advantage of 
higher selectivity and the possibility to overcome drug 
resistance by targeting two different sites in a combina-
torial therapy model [14,15]. There are currently no JAK 
allosteric inhibitors in clinical use.
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Experimental design for a system biology inter-
vention

Since signaling through the tyrosine kinase path-
ways are involved in a plethora of myeloproliferative 
neoplasms, an experimental intervention may begin by 
sketching all the protein interactions that are involved 
in the cellular responses for the pathways during hae-
matopoiesis. After determining the protein interactions, 
mass action kinetics is applied to describe the speed of 
protein interactions in the system. Each protein interac-
tion could be described by a Michealis Menten reaction. 
Through this a differential equation to model the protein 
interactions as a mathematical model for the selectivity 
of drug regimens for specific types of myeloproliferative 
neoplastic disorders in which experiments can deter-
mine the parameter values could be developed using a 
deterministic or stochastic model. The parameter values 
gives the reaction rates of each protein interaction in 
the system [25,26]. Through this, the protein behaviors 
for particular neoplastic processes could be determined 
thus providing insights into the specific drug interactions 
with individual proteins [27]. Unknown reaction rates 
are determined by simulating the model of known pa-
rameters and their target behaviors which provides pos-
sible parameter values for cellular response.

Conclusion
Tyrosine kinase inhibition remains a novel therapeu-

tic target for myeloproliferative neoplasms. System bi-
ology presents a dynamic tool that could be strategically 
applied in tyrosine kinase inhibition for designing dose 
regimens, drug repurposing and combination therapies 
for future interventions on patients with myeloprolifer-
ative neoplasms. Its application will particularly enable 
the development of mutant-specific tyrosine kinase 
inhibitors that can spare normal cells but target prolif-
erative and pro-survival pathways which are activated 
thereby eliminating drug toxicities.
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