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Modeling of the signaling pathways of the native receptor tyrosine kinase KIT and
its mutant

Modélisation des voies de signalisation du récepteur a activité tyrosine kinase KIT
sous forme sauvage et mutée

INTRODUCTION

Functions: The receptor tyrosine kinase (RTK) KIT is cell-surface transmembrane protein that controls multiple
intracellular signaling pathways [1]. As the other RTKS, KIT acts as sensor for extracellular specific ligand, the
binding of which triggers receptor dimerization, activation of the cytoplasmic domain and intermolecular
autophosphorylation of specific tyrosine residues. These intra-receptor processes lead to the recruitment,
phosphorylation and activation of multiple downstream signaling proteins, which eventually govern various
aspects of the cell physiology [2]. Aberrant signaling, mutation in RTKs or in downstream signaling pathways
have been involved in many diseases and pharmacological modulation of RTKs activation has been successfully
used in the treatment of a wide range of cancer [3]. With regards to KIT, the receptor has been found mutated
in several human malignancies, including cutaneous mastocytosis (CM), systemic mastocytosis (SM), acute
myeloid leukemias (AML) and gastrointestinal stromal tumors (GIST) [4] Depending on the disease, the KIT
mutation may occur in the kinase domain (KIT D816V; in SM and AML), in the juxtamembrane domain (JMD;
in GIST) or in the extracellular domain (ECD; in CM). All these various KIT mutations lead to the constitutive
activation of the receptor in the absence of its ligand, the stem cell factor (SCF) [5, 6].

The study of the transduction processes evoked by KIT (and by other RTKs) by experimental techniques is
highly restricted. The theoretical structure-based description of KIT is also limited since to date, despite a
considerable number of published structures, no data describing a full-length KIT has been collected. The
reported structures characterize the non-complete cytoplasmic content [7] in which the kinase insert domain
(KID) has not been resolved (Fig 1). Of note, in KIT, a unique RTK having as functional sites simultaneously the
Tyr and Ser residues, the KID (79 aas) contains five potential phosphorylation sites — Y703, Y721, Y730, S741
and S746.

Fig. 1. Structure of the native receptor tyrosine kinase KIT.
Superimposed structures of the cytoplasmic domain in inactive (1T45,
grey and pink) and active states (1PKG, green and red). The missing KID
and C-terminal domains are traced by doted lines. The tyrosine
residues in KID and the proteins that specifically recognize the
phosphotyrosine sites are schematized.

In wild-type KIT, the Y703, when phosphorylated, becomes a binding site for SH2 domain of Grb2, the
adaptor protein initiating the Ras/MAP kinase signaling pathway induced mitogenesis. Besides, Y721 and Y730
have been identified as the recognition sites of PI3K, and phospholipase C (PLCS), respectively. In addition,
phosphorylated S741 and S746 are able to bind PKC (protein kinase C) inducing mitogenesis and cellular
motility and are involved in re-control of PKC activity under the receptor stimulation. Phosphorylation of S746
mediates by PKC and conducts to a global decreasing of KIT tyrosine phosphorylation. The significant
contribution of the KIT deregulated activity to cancer requires a careful study of this receptor pointing to the
post-transduction events. Alternative phosphorylation of the five functional tyrosine and serine residues
promotes an adaptation of the binding sites for selective recognition of PI3K, Grb2 and PLCS, initiating at least
three different signaling pathways.



Besides, the involvement of the JAK2-STATS pathway in growth and survival of normal mast cells (MCs) with
wild type KIT (KIT WT) is well known [8]. Consequently, several teams have studied the implication of STAT5 in
KIT D816V+ neoplastic MC or AML cell growth, survival and transformation, and some light has been shed on
its implication in tumor growth downstream of the mutant receptor. A first study showed that pSTATS5 is found
in the cytoplasm of malignant cells from patients with KIT D816V SM or AML [9]. Another study further em-
phasized the molecular interactions between STATS5 and PI3K via the GAB2 scaffold protein interaction bridging
p85 and pSTATS interaction. Moreover, knockdown of STATS5 led to cell growth inhibition [10]. Furthermore,
the same team showed that KIT D816V promotes direct STAT5-activation, by bypassing the canonical JAK2-
STATS pathway evoked usually by KIT WT, and that pSTATS5 contributes to growth of neoplastic MCs [11]. Fi-
nally, the expression levels of STAT5 seem to be critical for transcriptional regulation in KIT mutant HMC-1 and
ROSA MC lines, and for neoplastic cell growth and survival [12, 13].

Altogether, these results strongly suggest that STATS is one major cellular effector below KIT D816V by
controlling the mutant KIT-mediated aberrant growth signaling. However, if STATS inhibitors are able to de-
crease proliferation and to induce apoptosis in KIT D816V+ neoplastic human MCs or AML cells [13,14], these
effects are observed at drug concentrations above 20 mM, and thus new STATS5 inhibitors active at pharmaco-
logical doses on both indolent and aggressive forms of SM are still needed.

Our preliminary results: In series of our papers [15-19], we studied the structural and dynamical features of
the native and mutated kinase domain (without KID) of KIT, yielding a detailed description of its mechanisms
of activation, ligand-depend for the native proteins and constitutive for the distinct mutants. The mechanisms
of KIT activation are described in terms of allosteric regulation between coupled regulating fragments of the
protein, juxta-membrane region (JMR) and activation (A-) loop [16,18,20]. As some mutations promote re-
sistance to the clinically used drugs, we analyzed the affinity of imatinib to these therapeutic targets [21]. The
computationally obtained (in silico) data were correlated with in vivo and in vitro observations, thus validating
our numerically based accounts. Recently, we generated a model of the native full-length cytoplasmic domain
of KIT [22] that opens a way for prediction of the transduction processes in KIT. Moreover, we published the
structural models of STATS proteins [23], a KIT signaling protein [24]. The paper [23] was choice “to be fea-
tured in the World Biomedical Frontiers, because of its innovation and potential for significant impact” [25].

PROJECT

In this PhD project, we plan to obtain the models of KIT interacting with its cellular partner(s) in two different
context — KIT is the native protein (wt-KIT) and KIT having the highly oncogenic mutation D816V (m-KIT). For
the modelling, we will use the previously developed structural models — of the native and mutated kinase
domain (without KID) of KIT [15,18] of the native full-length cytoplasmic domain of KIT [22], of the STATS5 [23]
and the crystallographic data of JAK2 from PDB [4].

Protein-protein interactions: The proteins partners (PP= JAK3 and STAT5) of KIT will be docked (HADDOCK
[Bonvin], ATTRACT [Zacharias], ROSETTADock [Gray] and REVIDYM [the haptic docking, CMLA, ENS Paris-Saclay]
into each phosphorylated model (wt-KIT, m-KIT). The obtained KIT-PP models will be studied using the multi-
step protocol published in [15, 18]. Detailed statistical analysis of MD simulation data of each KIT-PP complex
completed by calculation of the binding free energy will be used for identification of the binding site of each
cellular partner. The main output is a delivering of the noncovalent bound KIT-PP_models, representing the
functionally relevant protein-protein complexes, which may be formed during the transduction processes of
the native and mutated KIT.

Data analysis: MD data will be analyzed by the widely-used routines (RMSDs, RMSFs, PCA, clustering, ...) and
the more rigorous statistical techniques ‘in-house-made’ [20, 23, 26] or adapted from literature. In particular,
the conformational space explored by each KIT-PP complex during MD simulations will be analyzed with
ConfigScan [26] that use a population estimate (density) of conformations in reduced space. The energy
landscape will be presented as a 3D surface that display the evolution of dynamics as a random walk in this
landscape. The energy landscape is useful for the tracing of visited main and secondary basins and for



calculating the locations of energy minima. The interaction interface characterization will performed with
Functional Mode Analysis [27].

The PP interactions of each KIT-PP complex will be carefully analyzed (1) to identify the sequences of residues,
which contribute form the protein-protein interaction interface (PPIl), and (ii) to estimate a degree of flexibility
of this polypeptide. The sequence composed of the partner’s residues contributing to PP interactions will be
considered as a prototype of a novel molecule enable to be (i) specific to KIT mutant similarly to functional
partner and (ii) competitive with a partner.

Next to KIT-PP interaction, other questions remain open for the KIT functions, the deepest of which relates
to the activation mechanismes. Is the KID phosphorylation does influence or not the structure and dynamics of
kinase domain? How is allosteric communication transmitted from the phosphotyrosine residues to the other
regions engaged in KIT and PP activation?

The communication pathways will be analyzed with MONETA [20], the surface pockets search will be
performed with FPockets [28] and TRAPP [29]. This study will open the door to different applications — the
structure-based drug design or a search for other KIT interactions, opening the door to description of KIT
‘interactome’.

Equipment: The PhD student will generate the MD simulation data on HPCs of GENCI (TGCC-Curie, IDRIS) and
FUSION (ENS P-S & CentraleSupelec). The data processing and analysis will be performed using the local CMLA
cluster TopDyn and performant personal working station. The immersive visualization platform SHIVA [30] of
ENS Paris-Saclay (Cachan), a unit of DIGISCOPE (http://www.digiscope.fr/en/platforms/shiva), will be used for
a modelling at conception level and for the results representation. The PhD student will used the REVIDYM
(Virtual Reality in coupling with MD Simulation), which we developed in the SHIVA environment as a system
to used haptic graphical interfaces for 3D interactive modelling of proteins, which have enabled the tangible
interactions with force haptic feedback and the interfaces ensuring the exchange with the DM simulation tools
(AMBER, GROMACS).

This interdisciplinary project — a modeling of the biological process represented by mathematical models with
using bioinformatics technics — will be supervised by L. Tchertanov (Directeur de Recherche au CNRS, CMLA
ENS Paris-Saclay) and A. Trouvé (Professeur ENS Paris-Saclay, CMLA). The project will be realized in a close
collaboration with Michel Arock, professor at ENS Paris-Saclay and performing his research work at Centre de
Recherche des Cordeliers (15 rue de I'Ecole de Médecine, 75006 PARIS), who will supply the experimental data
to guide a modeling of protein-protein interactions and validate the obtained predictions.
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