
 

 

Université de Montréal 

 

 

 

AXL receptor tyrosine kinase in breast cancer: Defining 

novel substrates and pathways involved in cell motility and 

invasion 

 

 

Par Afnan Abu-Thuraia 

 

 

Programmes de Biologie Moléculaire 

 

Faculté de Médecine 

 

 

Thèse présentée  

en vue de l’obtention du grade de de doctorat 

en Biologie Moléculaire 

 

 

 

August 2018 

 

 

 

© Afnan Abu-Thuraia, 2018 

 



 

 

Résumé 

Le cancer du sein est le cancer le plus fréquemment diagnostiqué et le plus mortelle chez 

la femme, où sa progression vers le stade métastatique constitue une menace pour la vie des 

patientes. La présence de métastases représente le défi clinique central de l'oncologie des 

tumeurs solides, de sorte que les mécanismes et les voies sous-jacents au processus métastatique 

doivent être mieux définis. L'expression aberrante du récepteur tyrosine kinase (RTK) AXL a 

été liée cliniquement à la formation de métastases et à l'acquisition d'une résistance aux 

médicaments contre le cancer. AXL est un membre de la sous-famille des récepteurs tyrosine 

kinase TAM et intervient dans plusieurs processus biologiques tels que l'atténuation de la 

réponse immunitaire, l'élimination des cellules apoptotiques et la promotion de la survie 

cellulaire. L'expression d'AXL dans les tumeurs primaires humaines corrèle avec la faible survie 

des patients. Malgré sa régulation positive préférentielle dans les lignées cellulaires triple 

négatives / basales B, des études ont montré que l’expression d’AXL est indépendante du sous-

type de la tumeur mammaire des patients. AXL peut être activé par son ligand GAS6 ou par 

d'autres RTK. Lors de son activation, AXL induit une signalisation en aval entraînant 

l'activation d'intermédiaires de signalisation canoniques, notamment MAPK, AKT et PI 3-

kinases. Cependant, les voies de signalisation spécifiques engagées par AXL pour conférer un 

tel pouvoir pro-invasion ne sont pas connues. Ainsi, le but de cette thèse est d'identifier des 

substrats spécifiques d’AXL et des voies en aval qui jouent un rôle important dans le maintien 

d'un état « EMT » et d'un renforcement du phénotype mésenchymal dans les cellules 

cancéreuses. 

À la recherche de régulateurs en amont du complexe ELMO/DOCK1 impliqués dans 

l’activation de RAC, nous présentons au chapitre 2 les protéines d’échafaudage ELMO en tant 

que substrats directs et partenaires de liaison d’AXL. Grâce à des approches de protéomique et 

de mutagenèse, nous révélons que la kinase AXL phosphoryle ELMO1/2 sur un résidu tyrosine 

carboxy-terminal conservé. Dans les cellules cancéreuses du sein, l'activation d'AXL 

dépendante de GAS6 a conduit à la phosphorylation endogène d'ELMO2 sur Tyr-713, menant 

ainsi à la formation du complexe AXL/ELMO. En outre, l'activation de RAC induite par GAS6 

dans les cellules cancéreuses du sein dépendait de l'expression d'ELMO2. Semblable au blocage 
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d’AXL, l'inhibition d’ELMO2 ou l'inhibition pharmacologique de DOCK1 supprime l'invasion 

des cellules du cancer du sein, qui, selon nous, dépendait de l'état de phosphorylation d'ELMO. 

Notre travail au chapitre 2 définit un nouveau mécanisme par lequel AXL favorise la 

prolifération et l'invasion cellulaire et identifie l'inhibition de la voie ELMO/DOCK comme une 

cible thérapeutique potentielle pour arrêter les métastases induites par AXL. 

Bien qu'il soit encore difficile de savoir comment les signaux d’AXL induisent son 

phénotype pro-invasif, notre travail au chapitre 3 vise à identifier des substrats et des voies de 

signalisation spécifiques qui sont significativement modulés lors de l'activation d'AXL. Pour y 

remédier, nous avons défini le phosphoprotéome de la régulation d’AXL dans des cellules 

cancéreuses du sein triple-négatives en utilisant une approche quantitative. Nous révélons 

qu’AXL module de manière robuste, parmi de nombreux processus et voies biologiques 

importants, la phosphorylation d'un réseau de protéines d'adhésion focale (FA) aboutissant à un 

désassemblage plus rapide des FA. De manière intéressante, nous avons trouvé que la 

modulation de la voie FA était unique à AXL par rapport à d'autres RTK tels que l'EGFR. En 

particulier, nous avons trouvé qu’AXL phosphoryle la protéine NEDD9, modulant la formation 

du complexe NEDD9/CRKII/DOCK3, qui orchestre la phosphorylation de la pseudo-kinase 

PEAK1 médiée par AXL. Nos données révèlent un mécanisme distinct par lequel les complexes 

PEAK1 avec la kinase CSK médient la phosphorylation de PXN et le renouvellement des FA 

induit par AXL. En utilisant l'injection orthotopique de cellules cancéreuses du sein dans le tissu 

adipeux mammaire des souris et dans la veine de la queue, nous révélons que l'inactivation de 

PEAK1 par CRISPR diminue la croissance tumorale et les métastases in vivo. De plus, notre 

travail au chapitre 3 révèle une contribution unique et inattendue de la signalisation d’AXL à la 

dynamique des FA, révélant un mécanisme longtemps recherché sous-tendant l'activité invasive 

d'AXL. Cette compréhension approfondie des réseaux de signalisation régulés par AXL 

identifie PEAK1 comme une nouvelle cible thérapeutique dans les tumeurs AXL positives. 

En conclusion, cette thèse a identifié, pour la première fois, le phosphoprotéome d’AXL 

et des voies de signalisation spécifique à AXL, pouvant justifier le rôle du récepteur en tant que 

promoteur de métastases et de résistance aux médicaments. Notre travail révèle de nouvelles 

cibles thérapeutiques qui pourraient avoir un grand potentiel si elles sont utilisées en thérapie 
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combinatoire avec l’inhibition d’AXL pour prévenir la formation de métastases des tumeurs 

AXL positives. 

 

Mots clés: Métastases, Voies de signalisation récepteur de tyrosine tinase, Protéomique, 

Adhésion focale, Cancer du sein, Invasion cellulaire 
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Abstract 

Breast cancer is the most frequently diagnosed cancer in women where its progression 

to the metastatic stage poses a threat to the life of patients. The metastatic disease represents the 

central clinical challenge of solid tumor oncology such that mechanisms and pathways 

underlying the metastatic process must be better defined. The aberrant expression of the receptor 

tyrosine kinase (RTK) AXL has been linked clinically to metastasis and acquisition of drug 

resistance. AXL is a member of the TAM subfamily and functions in several biological 

processes such as dampening the immune response, clearing apoptotic cells and promoting cell 

survival. Despite its preferential upregulation in triple negative/basal B cell lines, studies have 

shown AXL expression in the clinic to be subtype independent. AXL can be activated by its 

ligand GAS6 or by a crosstalk with other RTKs. Upon its activation, AXL induces downstream 

signaling resulting in the activation of canonical signaling intermediates including MAPKs, 

AKT and PI 3-kinases. However, the specific signaling pathways engaged by AXL to confer 

such enhanced pro-invasion power are not known and the goal of this thesis is to identify AXL-

specific substrates and downstream pathways that are behind AXL’s significant role in 

maintaining an EMT state and reinforced mesenchymal phenotype in cancer cells.  

In search of upstream regulators of ELMO/DOCK1 complex involved in RAC 

activation, we reported ELMO scaffolds as direct substrates and binding partners of AXL. 

Through proteomics and mutagenesis approaches, we revealed phosphorylation of ELMO1/2 

by AXL kinase on a conserved carboxyl-terminal tyrosine residue. In breast cancer cells, GAS6-

dependent activation of AXL led to endogenous ELMO2 phosphorylation on Tyr-713 and 

AXL/ELMO complex formation. In addition, GAS6-induced RAC activation in breast cancer 

cells was dependent on ELMO2 expression and phosphorylation. Our work in chapter 2 defines 

a new mechanism by which AXL promotes cell proliferation and invasion and identifies 

inhibition of ELMO/DOCK pathway as a potential therapeutic target to stop AXL-induced 

metastases. 

While it still remains elusive how AXL signals to induce its pro-invasive phenotype, our 

work strove to identify specific substrates and signaling pathways that are significantly 

modulated upon AXL activation using a quantitative phosphoproteomics approach. By 
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generating GAS6-induced AXL phosphoproteome, we found that AXL robustly modulates, 

among many different significant biological processes and pathways, the phosphorylation of a 

network of focal adhesion (FA) proteins culminating in faster FA disassembly. Interestingly, we 

found AXL modulation of FA pathway to be unique to AXL in comparison with other RTKs 

such as EGFR. NEDD9 FA protein was identified to be a direct substrate of AXL, where its 

phosphorylation modulates its complex formation with CRKII/DOCK3, and this subsequently 

orchestrates the AXL-mediated phosphorylation of the pseudo-kinase PEAK1. Our data 

revealed a distinct mechanism by which PEAK1 complexes with CSK kinase, mediating PXN 

phosphorylation and AXL-induced FA turnover. Using in vivo assays such as tail-vein 

metastasis assay and tumor growth assay, we revealed that gene inactivation of PEAK1 by 

CRISPR CAS9 decreased tumor growth and metastasis. Furthermore, our work in chapter 3 

uncovers an unexpected and unique robust contribution of AXL signaling to FA dynamics 

revealing a long sought-after mechanism underlying AXL pro-invasive activity. This in-depth 

understanding of AXL regulated signaling networks identifies PEAK1 as a new therapeutic 

target in AXL positive tumors.   

In conclusion, this thesis identified, for the first time, AXL phosphoproteome and AXL 

specific downstream signaling pathways that may justify AXL’s role as a promoter of metastasis 

and drug resistance. Our work reveals novel therapeutic drug targets that may hold a great 

potential if used in combinational therapeutics with AXL inhibition to prevent metastasis of 

AXL positive tumors.  

 

Keywords: Metastasis, RTK signaling, Proteomics, Focal adhesion, Breast Cancer, Cell 

invasion 
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Preface 

This thesis is written in a manuscript format by articles and is divided into three chapters 

followed by a discussion. It contains one published article and two articles prepared for 

submission.  

CHAPTER 1: INTRODUCTION 

Section 1.1, 1.3, and 1.4 contain a literature review on breast cancer and metastasis, dynamics 

of actin cytoskeleton, and cancer cell migration and invasion, respectively. Section 1.5 contains 

our research hypothesis and objectives. Section 1.2 contains a manuscript of a review to be 

submitted for publication: 

Abu-Thuraia A*, Goyette MA*, Delliaux C and Côté JF (2018) Dissecting AXL’s role in 

cancer progression. *Equal contribution 

 

CHAPTER 2: AXL phosphorylates ELMO scaffold proteins to promote RAC activation 

and cell invasion. 

This chapter contains a published article: 

Abu-Thuraia A, Gauthier R, Chidiac R, Fukui Y, Screaton RA, Gratton JP and Côté JF (2015). 

Axl phosphorylates Elmo scaffold proteins to promote Rac activation and cell invasion. MCB 

35, 76-87.  

 

CHAPTER 3: AXL confers cell migration and invasion by hijacking a PEAK1-regulated 

focal adhesion protein network. 

This chapter contains a submitted manuscript to Nature Communication and is in revision: 

Abu-Thuraia A, Goyette MA, Delliaux C, Boulais J, Chidiac R, Bagci H, Davidson D, Veillette 

A, Daly RJ, Gingras AC, Gratton JP and Côté JF (2018). 
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1.1 The Central Dogma of Cancer 



 

 

Cancer is a neoplastic disease that is very complex. It consists of an uncontrolled 

growing tumor that represents a complex tissue where multiple cell types are involved 

participating in heterotypic interactions with one another. Cancer occurs when a normal cell 

acquires a neoplastic state due to oncogenic and tumor suppressor mutations that will enable it 

to become tumorigenic and malignant. To understand the complexity of this disease, hallmarks 

of cancer have been proposed and comprise of eight biological capabilities that are acquired 

during the progress of the disease. These hallmarks include sustaining proliferative signaling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, 

reprogramming of energy metabolism, evading immune destruction, inducing angiogenesis, 

activating invasion and metastasis and cellular dormancy [1-3].  These biological capabilities 

allow the cancer cell to survive, proliferate and disseminate via distinct mechanisms in diverse 

tumor types at various times during the process of tumorigenesis. The acquiring of these 

hallmarks is made possible by the enabling characteristics of the neoplasia. One of which is 

genome instability and mutability in the cancer cells, which generates random mutations and 

genetic alterations including chromosomal rearrangements, that will allow tumor progression 

[2, 3]. These will in turn foster and orchestrate the hallmark capabilities. Another enabling 

feature or characteristic of the neoplasia involves the inflammatory state of the premalignant 

neoplasia that is driven by the innate immune cells to promote inflammation that will support 

multiple hallmark capabilities.  

Apart from these biological capabilities acquired by the cancer cells, normal cells in the 

vicinity of the cancer cells are also used by the cancer cells to contribute to tumorigenesis and 

acquire their hallmarks. These cells are known to create what is known as “tumor-associated 

stroma” or “tumor microenvironment” [2, 3]. This tumor microenvironment consists of many 

different cell types such as cancer-associated fibroblasts, cancer stem cells, endothelial cells, 

pericytes, and immune inflammatory cells. The interactions and associations between these 

diverse cell types in a tumor environment are orchestrated and maintained by heterotypic 

signaling interactions that are of a great importance for tumor progression. Interestingly, these 

heterotypic intracellular signaling are not static and change along the way the tumor progresses 

due to the reciprocal interactions between the cancer cells and the stromal cells, where stromal 

cells enhance the neoplastic phenotypes of the cancer cells and the cancer cells evolve to 
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reprogram the stromal cells to support the neoplasm growth and ultimately its dissemination 

into adjacent tissues.  

1.1.1 Metastasis 

Metastasis is the final stage of multistep tumor progression. It is divided into two steps: 

the step where the tumor disseminates from its primary tissue and colonize into a distant tissue 

and the step where the disseminated tumor has to successfully colonize and form metastases. 

The process of dissemination starts when the epithelial cancer cell becomes invasive and goes 

through a process of alterations in shape and its attachment with other cells and the extracellular 

matrix (ECM). One of the best-characterized features of this process is the change in expression 

of an adhesion molecule named E-Cadherin, which is responsible for the formation of adherens 

junctions in cell-cell contact. Reduction of its expression is known to potentiate the process of 

invasion and metastasis [4, 5]. In contrast, another adhesion molecule named N-Cadherin, 

known to be expressed in migrating neurons and mesenchymal cells is upregulated in invasive 

tumor cells.  

The invasion metastasis cascade is a multistep process [6, 7] (Figure 1.1.1). In specific, 

epithelial cells in primary tumors invade locally the surrounding tissue by degrading the ECM 

and the stromal cell layer. They then intravasate into the lumina of the blood vessels and survive 

in the circulation to adhere to the vessel at a distant organ site to extravasate into the parenchyma 

of the distant tissue. Once extravasated, the tumor cells must survive the foreign environment 

in order to colonize and form micrometastases. To further grow and form macrometastases, the 

tumor needs to go through a step named metastatic colonization, where the tumor cells reinitiate 

their proliferative programs to grow and proliferate. These steps of the invasion metastasis 

cascade are influenced by intrinsic molecular pathways orchestrated in the carcinoma cells, as 

well as extrinsic signaling cascades from non-neoplastic stromal cells [7].  

Furthermore, epithelial cells co-opt a cell biological process named Epithelial-

Mesenchymal Transition (EMT) that facilitates its invasion process throughout the metastatic 

cascade. This process involves the dissolution of cell-cell contact, cell-ECM attachment and 

loss of cell polarity [8]. Several transcription factors such as SNAIL, SLUG, TWIST, and 

ZEB1/2 have been characterized and identified as the major players behind the EMT process 
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[9]. Among the biological traits evoked by these transcription factors, are the downregulation 

of E-Cadherin and upregulation of N-Cadherin expression, expression of matrix 

metalloproteases, increased invasiveness and resistance to apoptosis.  

Another factor that contributes to the invasion metastasis cascade is heterotypic 

interactions of cancer cells with the stromal cells, mentioned above [10]. The reciprocal 

interactions between cancer and the stromal cells that defined the multistep progression of the 

tumor at the primary site can be reinitiated in the distant tissue to promote the colonization of 

the disseminated cancer cell at the new organ sites. In comparison to this logic, others have 

stated that microenvironments of certain tissues named “metastatic niches”, can support the 

growth of the seeded cancer cells at distant sites, independent of the cancer cell-induced stroma 

[11, 12]. Furthermore, for the cells to grow and colonize at distant sites, cancer cells might revert 

from the invasive phenotype and go through the reversible process of EMT named 

“Mesenchymal-to-Epithelial Transition” (MET) or they can colonize and grow independently 

of MET due to acquired genetic alterations that confer all the necessary traits for metastatic 

seeding. Mesenchymal cells are known to cycle slowly or are dormant and reverting back to 

MET from EMT has been proven necessary for the mesenchymal dormant cell to become 

reactivated and proliferate rapidly at the distant site [13]. In MET-independent metastasis, 

genetic alterations or epigenetic reprogramming can induce a state in which EMT-fixed cells 

have a high invasive and proliferative potential which will lead them to become more aggressive 

and more likely to seed at a different organ. Altogether, both mechanisms of metastasis can then 

subsequently result in colonization and the formation of macrometastases.   

 

 



 

26 

 

Figure 1.1.1 The invasion-metastasis cascade  

Adapted from Laura Gómez-Cuadrado et al. in Dis. Model Mech. Review 2017 [14] 

Metastasis is a multistep process. Initially, tumor cells migrate into adjacent tissues, referred to as local invasion. This involves 

the breakdown of the basement membrane and invasion into the surrounding ECM. In fact, invasive tumor cells recruit 

macrophages (Mɸ) and cancer-associated fibroblasts (CAFs), which are part of the tumor microenvironment, to produce 

promigratory and pro-invasive factors and cytokines that will facilitate their invasion and metastasis. Intravasation then allows 

cells to enter the circulation. In blood vessels, circulating tumor cells exist as single cells or clusters, coated with platelets. They 

need to survive shear stress and evade clearance by the immune system to successfully reach distant organs. Tumor cells then 

attach to endothelial cells, which facilitates their extravasation. After settling in the metastatic target organ, tumor cells must 

survive in this foreign environment and establish micrometastases. These disseminated tumor cells (DTCs) can remain dormant 

for many years before proliferating into large macrometastases in a process termed colonization. The primary site also regulates 

the development of metastasis via secretion of factors (such as cytokines and exosomes) that can prime a pre-metastatic niche 

and support survival of DTCs.  
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1.1.2 Breast Cancer and its molecular subtypes 

Breast cancer is the most frequently prevalent cancer in woman and is the most leading 

cause of cancer death in most developed countries [15]. It is now recognized that breast cancer 

is not a single disease and comprises of many biological entities. Studies have shown that breast 

cancer with different biological and histopathological features exhibit different behaviors and 

thus respond differently to treatments. Hence breast cancer is grouped into different subtypes to 

provide a more efficient therapeutic strategy. The classification of breast cancer into various 

subtypes is determined by the molecular and genetic features of the tumor cells (Figure 1.1.2). 

It is classified into Luminal A and Luminal B, which are hormone receptor-positive tumors 

(Estrogen Receptor+ or Progesterone Receptor+), HER2+ and Basal-like or Triple negative 

(TNBC; ER-, PR-, HER2-). Several groups have put some effort into identifying further varying 

gene signatures that define each of these molecular subtypes [16]. With the development of 

tissue microarray technology (TMA), these gene signatures of the different molecular subtypes 

have been validated at the translational level, confirming the biological heterogeneity of breast 

cancer. Interestingly, Luminal A and B cancers have the highest prevalence and the best 

prognosis. Among breast cancers, HER2+ and TNBC subtypes have a poor prognosis due to 

their tendency for metastasis. In HER2+ cancer, HER2 receptor which is an EGFR receptor 

tyrosine kinase family member is amplified or overexpressed to transmit signals that will 

mediate tumor growth, invasion, and metastasis. However, TNBC subtype of breast cancer 

represents 10-20% of breast cancer diagnosis and has the worst prognosis in the clinic. In 

comparison to other breast cancer subtypes, TNBC breast cancer lacks any targeted therapy 

treatment. The only effective therapy for TNBC breast cancer in the clinic is currently 

chemotherapy and unfortunately, 50% of the patients develop resistance and relapse to develop 

metastasis. Hence, it still remains elusive and is of a great significance to investigate in defining 

the molecular mechanisms that are behind TNBC aggressiveness and what novel key players 

could be used as future drug targets for therapy.    
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Figure 1.1.2 Molecular subtype of breast cancer  

Adapted from McMaster Pathophysiology Review by Eric Wong and Jenna Rebelo 2012.  
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1.1.3 Receptor Tyrosine Kinases: key players in cancer biology 

Receptor protein tyrosine kinases (RTKs) are a subclass of tyrosine kinases that are cell 

surface receptors and are known to be key regulators of different cellular processes such as cell 

migration, cell cycle, cell survival, metabolism, and differentiation [17]. Overexpression of 

many RTKs such as epidermal growth factor receptors (EGFRs), vascular endothelial growth 

factor receptors (VEGFRs) and platelet-derived growth factor receptors (PDGFRs) have been 

found in many types of cancer, such as breast cancer, and are correlated with cancer 

aggressiveness and decreased overall and disease-free survival [18]. They are known to respond 

to environmental cues to initiate the appropriate signaling pathways in tumor cells. In fact, RTKs 

may transduce their downstream signal via another class of protein tyrosine kinases named non-

RTKs, which are predominantly cytoplasmic and contain a kinase domain with a catalytic 

activity regulated by phosphorylation upon external cues. Moreover, RTKs regulate many 

signaling pathways that may play a pivotal role in regulating cancer stemness, angiogenesis, and 

metastasis.  

RTKs consist of 58 members that are subdivided into 20 subfamilies (Figure 1.1.3A) 

[19]. They all possess an extracellular domain, containing different components, that bind an 

activating ligand, a single transmembrane helix and an intracellular domain that contains the 

tyrosine kinase domain (TKD). In some cases, TKD is interrupted by a sequence known as a 

kinase insert domain (KID) that can regulate the function of TKD. Generally, all RTKs are 

activated upon growth factor binding that induces receptor dimerization. It is important to note, 

however, that some RTKs form oligomers in the absence of a ligand. Whether the “inactive” 

RTK is in a monomer or an oligomer form, the binding of a bivalent ligand is still required to 

induce a structural change in the “inactive” state which will stimulate the tyrosine kinase activity 

and become “active” to subsequently serve as a site of assembly for intracellular proteins to 

induce downstream cell signaling.  Extensive structural studies have shown a range of 

mechanisms for ligand-induced dimerization of the extracellular regions of RTKs. This 

dimerization could be ligand-mediated, receptor-mediated or a combination of ligand- and 

receptor-mediated [19]. In all cases, the dimerization of the extracellular domain leads to the 

activation of the intracellularly TKD. All TKDs contain an N-lobe, a C-lobe and an activation 

loop. The N-lobe contains a glycine-rich loop which is followed by a lysine that is important for 
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ATP binding. The C-lobe however, contains a conserved aspartic acid that is important for the 

catalytic activity of the TKD. These residues are required for ATP binding, metal ion (Mg+) 

binding, and phosphoryl group transfer. Some kinases lack at least one of the motifs required 

for catalysis and have been termed pseudokinases [20]. They are seen as signal transducers by 

bringing together components of signaling complexes. However, it still remains elusive whether 

pseudokinases are true pseudokinases and lack any catalytic activity since some have reported 

some pseudokinases to have catalytic activity under certain conditions [20]. Hence, 

pseudokinases should be studied individually by probing for their activity with direct methods 

and having their structures determined.  

Furthermore, before activation of an RTK, each TKD is cis-autoinhibited by 

intramolecular interactions unique for each receptor, which is released by ligand binding and 

dimerization of the extracellular regions of RTKs. Three different forms of cis-autoinhibition 

exist that are induced by various intramolecular interactions (Figure 1.1.3B) [19]. TKD 

autoinhibition is mediated by the activation loop occluding the ATP and substrate binding sites. 

This form of autoinhibition could be stabilized by the juxtamembrane regions of the kinase that 

can make extensive contacts with the TKD domain to stabilize the activation loop in an inactive 

conformation. In addition, the C-terminal tail can also play a role in cis-autoinhibition of TKD 

by blocking the substrate binding pocket. Releasing all these forms of autoinhibition by ligand 

binding and dimerization of the extracellular regions of RTKs can lead an active form of a TKD 

that can bind ATP and a substrate of interest to induce downstream signaling.  

Under normal physiological conditions, RTKs function is tightly balanced. When they 

acquire transforming abilities through different mechanisms such as gain-of-function mutations, 

genomic amplifications, chromosomal rearrangements, or autocrine activation by an 

upregulation of their ligands, this will lead to the dysregulated function of the RTKs and their 

constitutive activation [21]. This can ultimately trigger oncogenic properties and RTK-induced 

oncogenesis. Due to the pivotal roles, they play in tumorigenesis and metastasis in breast cancer, 

RTKs are used as drug targets for therapy. However, resistance to anti-RTK therapy has been 

prevalent due to the acquired mechanisms they uptake to remain constitutively active.  
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A) 

 

B) 

 

Figure 1.1.3 Receptor tyrosine kinases 
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Adapted from Mark A. Lemmon and Joseph Schlessinger in Cell Reviews (2010) [19] 

A) Human receptor tyrosine kinases (RTKs) contain 20 subfamilies, shown here schematically with the family members listed 

beneath each receptor. Structural domains in the extracellular regions, identified by structure determination or sequence analysis, 

are marked according to the key. The intracellular domains are shown as red rectangles. B) Activation loop inhibition: In the 

activation loop interacts directly with the active site of the kinase and blocks access to protein substrates or to both ATP and 

protein substrates. Phosphorylation of key tyrosines (“Y”) disrupts these autoinhibitory interactions and allows the kinase to 

“relax” to the active state. Juxtamembrane inhibition: the juxtamembrane region (red) interacts with elements within the active 

site of the kinase (including the αC helix and the activation loop) to stabilize an inactive conformation. Phosphorylation of key 

tyrosines in the juxtamembrane region destabilizes these autoinhibitory interactions and allows the TKD to assume an active 

conformation. C-terminal tail inhibition: C-terminal tail (red) interacts with the active site of the TKD to stabilize an inactive 

conformation. 
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Introduction 

The TAM receptor tyrosine kinases (RTKs) comprised of TYRO3, MER and AXL are 

one of the latest family of RTKs to evolve and be identified since they are not known as strong 

oncogenic drivers [22, 23]. They have been largely identified in neoplastic cell lines, yet they 

are not frequently mutated in cancer. TAMs are known for their involvement in inflammation, 

autoimmunity and recently in cancer progression. They are ectopically expressed and highly 

expressed in many cancer types. TAMs are defined by their similar overall domain structure and 

a unique KWIAIES, a conserved amino acid sequence found in their catalytic kinase domain 

[24] (Figure 1.2.1). Their extracellular domain consists of two tandem immunoglobulin-like 

domains (Ig1 and Ig2) followed by two tandem Fibronectin type 3 (FN-III)-like domains. Their 

ligands for their activation are Growth Arrest Specific factor 6 (GAS6) and Protein S, which 

require Vitamin-K dependent γ-Carboxylation to have the ability to activate the TAMs [25]. 

Their structure consists of an N-terminal γ-carboxyl glutamic acid (GLA) domain, 4 tandem 

Epidermal Growth Factor (EGF)-like repeats, and a C-terminal Sex Hormone-Binding 

Globulin-like region consisting of two tandem Laminin G-like (LG) repeats. They bind the 

receptor with their carboxy-terminal domain and are known to bind the lipid moiety 

Phosphatidylserine (PS) with their amino terminus. PS is abundant in the body but can only 

activate TAMs when externalized on apoptotic cell membranes, aggregating platelets, 

exosomes, and invading virus envelopes [26-28]. While GAS6 and Protein S share common 

domains and require γ-carboxylation to activate TAM receptors, they have different affinities to 

different TAM receptors. GAS6 binds all TAM receptors, with the highest affinity for AXL, 

whereas Protein S only binds MER and TYRO3 [25]. PS increases GAS6 and Protein S 

activation of MER and to a lesser degree TYRO3. However, it still remains unknown and 

requires further experimentation how the PS/Gla binding translates into the LG binding to the 

receptor to induce receptor activation. Other than GAS6 and Protein S, novel TAM ligands have 

been identified recently that are tissue and receptor-specific [29-31].  

Regulation of TAM Expression 

TAMs overexpression has been observed in many cancer types promoting the survival, 

chemo-resistance, motility, and invasion of the tumor cells. Their expression has been shown to 
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correlate with poor prognosis in various tumor types. For example, MER kinase is aberrantly 

expressed in B-cell acute lymphoblastic leukemia (B-ALL) and T-ALL, whereas AXL is less 

observed in ALL, but highly observed in acute myeloid leukemia (AML) and chronic lymphoid 

leukemia (CLL) and chronic myeloid leukemia (CML) [24].  In addition, TYRO3 is also 

observed to be expressed in some leukemia samples. Hence, there seems to be a preferential for 

TAM receptor expression in different types of cancers. However, it still remains understudied 

how TAM expression is induced in cancer cells. Some evidence suggests that the expression of 

the different TAM receptors is regulated differently. For instance, dexamethasone increases 

MER expression and eliminates AXL expression in bone-marrow derived macrophages, yet 

TLR agonists increase AXL expression without altering MER expression [32]. In addition, 

previous studies have shown MER kinase transcription is upregulated in macrophages upon 

Liver X receptor (LXR) activation by its ligand, where ligand-bound LXR binds to the promoter 

of MER to enhance transcription [33]. Epstein-Barr virus (EBV) lytic transcription factors have 

been also demonstrated to substantially increase MER expression as well [34]. In terms of AXL 

expression, hypoxic conditions in the tumor increase HIF1α expression levels, which directly 

binds to the promoter of AXL to induce its expression [35]. TYRO3 also contains similar HIF1α 

responsive elements in its promoter, suggesting its expression upregulation under hypoxic 

conditions. Moreover, epigenetic regulation of expression has been observed in relapsed AML 

patients where hypomethylation of AXL promoter was shown to correlate with its high 

expression [36]. In addition, MZF1 transcription factor has been shown to bind AXL promoter 

to result in a dose-dependent increase in AXL mRNA levels [37]. TAM expression can also be 

regulated post-transcriptionally by miRNAs, where for instance, miRNA 355 known to 

negatively regulate MER kinase, is suppressed in breast cancer [38-42].  

Although TAMs are overexpressed in multiple tumor types, genetic mutations or 

amplification of the genes encoding TAM RTKs are relatively rare. In some instances, point 

mutations and translocations creating fusion genes have been reported [24], yet the functional 

importance of these mutations remains elusive.  
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Figure 1.2.1 Schematic representation of TAM family of receptors and their ligands 
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Mechanisms of activation  

Ligand-dependent 

AXL activation mechanisms are unique and can be achieved in many ways (Figure 

1.2.2). To become active, AXL binds the C-terminal of its ligand GAS6, an interaction that is 

of a strong affinity and independent of the presence of GAS6 γ-carboxylated N-terminal Gla 

domain [43]. However, this ligand interaction does not translate into AXL autophosphorylation 

and activation since Vitamin K-dependent γ-carboxylation of GAS6 Gla domains is necessary 

for GAS6-induced AXL autophosphorylation and activation [44, 45]. In fact, there is some 

evidence showing that warfarin treatment, which depletes Vitamin K levels, decreases the γ-

carboxylation process of GAS6 and inhibits AXL autophosphorylation [46]. Upon GAS6 

binding to AXL, GAS6 induces AXL homodimerization in a 2:2 stoichiometry where one GAS6 

binds one AXL monomer, and this leads to its homodimerization, autophosphorylation, and 

activation to induce downstream signaling [43]. GAS6 binding and induced homodimerization 

of AXL is a unique activation mechanism to AXL that is different from MER and TYRO3 where 

GAS6 binds in a 1:1 stoichiometry manner. To become activated, AXL is auto-phosphorylated 

on Y702/Y703 in mammals, which then leads to the autophosphorylation of three other tyrosine 

residues in its intracellular domain (Y779, Y821, Y866) that act as scaffold hubs for proteins 

such as p85 (the regulatory subunit of PI3K), Grb2, and phospholipase C-γ (PLC-γ) to induce 

downstream signaling [47]. 

The γ-carboxylated Gla domain of GAS6 is known to bind, in a Ca2+-dependent manner, 

the lipid moiety phosphatidylserine (PS), which is externalized on membranes of apoptotic cells, 

exosomes, and enveloped viruses [48]. It is believed that PS exposed membranes facilitate the 

dimerization or oligomerization of MER and TYRO3 to induce signaling [24]. However, there 

seems to be a controversy for the role of PS in AXL activation. Some have shown that GAS6-

induced activation of AXL requires the PS binding to GAS6 to have complete activation of AXL 

[32, 49]. They suggest that AXL is assumed to be constitutively in complex with GAS6 due to 

their high-affinity binding and act as a hybrid receptor to detect PS and subsequently become 

activated [32, 50]. Others, however, have shown that GAS6-induced activation of AXL does 

not require PS binding to GAS6 and was not further enhanced by the presence of PS [43]. A 
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more recent study has demonstrated a model that provides a quantitative and mechanistic 

understanding of efficient GAS6 activation of AXL [51]. They demonstrated AXL activation to 

be observed only when localized concentrations of GAS6 is high. This localized ligand 

concentration drives a diffusional influx of AXL from regions of low to high GAS6 

concentrations which will allow GAS6 binding and result in receptor aggregation and 

dimerization to induce efficient AXL signaling. Ultimately, this localized signal of receptor 

function can be a marker for PS exposure in cell clearance.  

Furthermore, AXL activation can also be achieved by forming heterodimers with other 

TAM members (MER or TYRO3) to induce signaling [52, 53]. This heterodimerization could 

be mediated by GAS6 binding, where AXL can bind GAS6 and activate MER or TYRO3 

kinases, which have less affinity in GAS6 binding. 

Ligand-independent 

AXL activation could also be atypical and mediated by a ligand-independent approach. 

One way this can occur is by homophilic dimerization and autophosphorylation during 

pathophysiological conditions due to excess receptor expression or oxidative stress [54-56]. 

Another way GAS6-independent AXL activation can occur is by heterodimerizing or clustering 

with other RTKs, such as EGFR, MET, PDGFR and VEGFR-2, to become auto-phosphorylated 

and activated to induce downstream signaling [57-61]. In the squamous cell cancer of head and 

neck, AXL heterodimerizes with EGFR to confer resistance to PI3K inhibition. A similar 

mechanism was seen also in EGFR-mutant lung cancer, whereupon EGFR tyrosine kinase 

inhibition, AXL dimerizes with MET receptor to bypass EGFR inhibition and confer resistance.  

Furthermore, these molecular mechanisms of AXL activation shed light into the diverse 

approaches AXL can take to become activated and function to induce downstream signaling. It 

also complexifies the mechanisms of its regulation during physiological and pathophysiological 

conditions. 

 

 

 



 

40 

 

 

Figure 1.2.2 Mechanisms of AXL activation 

AXL activation can take place in various manners. Ligand-mediated activation of AXL depends on AXL binding to GAS6 

ligand to lead to its homodimerization and autophosphorylation (A). In addition, phosphatidylserine (PS) exposed on a 

membrane (ex. apoptotic cells) can induce GAS6 binding and lead to more efficient and localized AXL activation (B). In some 

cases, AXL can also heterodimerize with other TAM receptors in order to activate signaling (C). For cases when the ligand is 

absent, AXL can be activated in a ligand-independent manner in several ways. When AXL is expressed at high levels due to a 

disease condition or is induced by a specific stimulus, its high expression can lead to its dimerization and autophosphorylation 

(A). In many cancers, AXL has been shown to be transphosphorylated by many RTKs such as EGFR, HER2, MET, VEGFR-2 

and PDGFR to diversify signaling. In ovarian cancer, AXL has been shown to converge with β3 signaling to induce tumor cell 

adhesion.  

 

 

 

 



 

41 

Regulation of activation 

AXL activation and function can regulate cytoskeletal functions, intracellular signaling 

and gene expression [24]. Its aberrant expression or activity can dysregulate physiological 

functions and lead to a disease. Thus, the regulation of its activity is a crucial process to keep 

AXL function appropriate. Upon its activation, AXL has been shown to be negatively regulated 

in several ways. The proteolytic shedding of its extracellular domain mediated by the 

metalloproteinases ADAM10 and ADAM17 has been shown to play a role in decreasing its 

activity at the membrane  [62]. In fact, MEK inhibitor resistance was associated with a decreased 

circulating level of AXL ectodomain in melanoma patients, which represents reduced RTK 

shedding as a mechanism in which cancer cells bypass signaling to attain high AXL activity and 

drug resistance. This suggests that soluble AXL ectodomain could be used as a diagnostic 

biomarker for clinical use.  

In addition to AXL shedding, AXL can be negatively regulated by its binding partner 

C1 domain-containing phosphatase and tensin homolog (C1-TEN). C1-TEN can negatively 

regulate AKT activation downstream of AXL activation to inhibit survival and motility [63, 64]. 

Moreover, AXL, MER, and TYRO3 are targets of E3 ubiquitin ligase CBLB [46]. A study has 

emphasized on the role of TAM RTK ubiquitination by CBLB ligase in natural killer (NK) cells. 

Genetic deletion of cblb in NK cells prevented TAM RTK ubiquitination and degradation and 

hence inhibited NK cell activity in rejecting tumor and metastatic growth and this was reversed 

by TAM RTK inhibition [46]. Recently, another study has identified a novel mechanism in 

negatively regulating AXL oncogenic signaling in ovarian cancer by the GPI-anchored tumor 

suppressor OPCML [65]. Once activated by GAS6, AXL directly interacts with OPCML and 

subsequently gets accumulated in cholesterol-rich lipid domains where OPCML resides. This 

brings AXL in proximity with a lipid residing phosphatase named PTPRG, where AXL gets 

dephosphorylated by this phosphatase and can not transactivate other RTKs such as MET and 

EGFR to induce ERK signaling to induce EMT and cell invasion.  

It still remains elusive how the cell can shuttle and traffic AXL from the cell membrane 

to regulate its activity. In addition, it will be interesting to explore if AXL once shuttled, gets 
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degraded in the endosomes via lysosomal degradation or continue to signal intracellularly in the 

endosome vesicles until vesicles merge back with the cell membrane.  

Signaling in cancer 

Several studies in many cancers have shown different roles of AXL signaling in cancer 

cells that positively correlate with chemo-resistance, targeted-therapy resistance, metastasis, and 

poor patient outcome. AXL signaling in cancer is deregulated and is known to induce 

downstream oncogenic signaling in the cell that leads to the promotion of survival and motility 

of the tumor cells (Figure 1.2.3).  

Survival 

AXL was first shown to play a role in survival in leukemia cells in which GAS6 

stimulation prevented apoptosis upon growth factor deprivation [66, 67]. Treatment of B-CLL 

cells with AXL tyrosine kinase inhibitor led to apoptosis induction [68]. Another study 

demonstrated that inhibition of AXL expression by shRNA in leukemia cells decreased the cells 

ability to form colonies [69]. As with other RTKs, AXL promotes survival and proliferation by 

harnessing the RAS/ERK cascade and PI3K/AKT kinase pathway [70, 71]. AXL inhibition in 

cancer cells abrogates the activation of these pathways upon ligand stimulation [66, 72-75]. In 

fact, AXL induces a survival signal by upregulating the expression of anti-apoptotic proteins 

such as BCL-2, BCL-XL, MCL1 and SURVIVIN, and inhibiting the proapoptotic protein 

Caspase-3, BAD, BAX, and PUMA [68, 76-79]. For instance, AKT signaling downstream of 

AXL led to the increase of BCL-2 levels and inactivated the pro-apoptotic BAD proteins [78]. 

In addition, STAT proteins are also involved in the transcription of survival genes. AXL 

activation induces tyrosine phosphorylation of STAT3 to regulate its transcriptional activity [23, 

38, 80]. Other pathways are also stimulated including those that involve NF-kB and p38 

signaling that leads to the promotion of survival and regulation of pro-survival and pro-

migratory gene expression [23, 81, 82]. Notably, NF-kB activity in schwannoma cells has been 

shown to be a mediator of GAS6/AXL induced overexpression of pro-survival genes to enhance 

survival of merlin-deficient tumors [82]. Altogether, these pathways induced downstream of 
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AXL activation in many cancer types play a role in promoting cancer cell survival in response 

to apoptotic stimuli.   

Migration 

Apart from survival signaling, AXL has been shown to play a significant role in the 

metastasis of many cancer types. Whether it's in patient samples or cell lines, AXL expression 

correlates with invasion and metastasis [24]. Initially, AXL was first demonstrated to play a role 

in cell migration of GnRH neurons to the hypothalamus [83, 84]. Another study in AXL-

expressing glioblastoma cells portrayed the role of AXL in cell migration, where transfection of 

the dominant negative form of AXL lacking the kinase domain resulted in reduced motility and 

filopodia formation and loss of cell-cell contact [85]. In fact, AXL activity in glioblastoma cells 

was shown to play a role in tumor growth and invasion. Studies have further shown a role for 

AXL in a facilitating a process named epithelial-to-mesenchymal transition (EMT) that is 

required in metastasis. The first in vivo evidence that links AXL to metastasis was shown in 

breast cancer where dissemination of highly metastatic breast cancer cells and EMT-driven 

motility was AXL-dependent [86, 87]. Similarly, AXL inhibition in ovarian cancer prevented 

dissemination and establishment of metastatic lesions [88]. EMT gene expression inducers such 

as TWIST, SNAIL, and SLUG are induced upon AXL activation or overexpression. These 

transcription factors, TWIST, and SNAIL, in return, can induce the expression of AXL as a 

positive feedback loop system to reinforce EMT [72, 89-91]. In fact, a positive correlation 

between AXL expression and mesenchymal phenotype was present in human cancer cell lines, 

particularly in breast cancer and non-small cell lung cancer [92]. A study has defined the 

mesenchymal subtype tumor cells of ovarian cancer to have an enrichment of AXL expression 

that positively correlated with EMT and poor patient outcome [93]. In this mesenchymal 

subtype of ovarian tumor cells, AXL co-clusters with and activates EGFR, HER2 and MET to 

induce protracted ERK signaling to promote motility and invasion by inducing the expression 

of the ERK pathway effector FRA-1, which in return can induce the gene expression of the EMT 

inducer SLUG [94]. Overall, AXL expression and signaling in many cancer types is necessary, 

not only to sustain an EMT state and allow cancer cells to disseminate and invade to form 

metastatic lesions but also to acquire resistance to targeted drug therapies.  
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The mechanisms in which AXL sustains an EMT state remain to be elusive. Initially, 

AXL signaling through PI3K/RAC pathway was shown to cause actin rearrangement and an 

increase in motility [83, 84]. This was recently explained in part in breast cancer cells where 

AXL mediated phosphorylation of ELMO proteins bound to DOCK1, promoted RAC-mediated 

cytoskeleton changes and induced breast cancer cell migration [95]. In addition, AXL was 

reported to regulate cell adhesion by modulating the signaling complex ILK/PINCH/PARVIN 

found at adhesion sites via its interaction with NCK2 protein [96]. It has also been shown to 

localize to active myosin filaments and phosphorylate tropomyosin at sites critical for adhesion 

[97]. In fact, a recent study has demonstrated how AXL signaling in ovarian cancer can sustain 

an EMT state by converging with β3 integrin signaling pathway to promote adhesion to the 

extracellular matrix and induce invasion [98]. These different mechanisms may suggest AXL 

as a regulator of cell adhesion during cell invasion process. In support of this notion, AXL 

invasive activity in tumor cells was further demonstrated to be mediated through the activation 

of matrix metalloproteases (MMPs) which are required to break down the extracellular matrix 

during cell adhesion process. Indeed, AXL activation enhances the expression of MMP9, known 

to promote tissue remodeling and invasion, and this was shown to be reversed upon AXL 

inhibition [99].  

These attempts in defining mechanisms behind AXL’s significant role in maintaining an 

EMT state and reinforced mesenchymal phenotype do not justify the role it plays in the 

invasiveness of the tumor to become invasive and metastasize. More recently, a novel approach 

was taken in defining signaling pathways and mechanisms that are specifically modulated by 

AXL activation. The first phosphoproteome of AXL was characterized in triple negative breast 

cancer cells where AXL is highly expressed. Interestingly, this study emphasized AXL’s role in 

robustly regulating actin cytoskeleton rearrangements and in specific focal adhesion dynamics. 

Upon AXL activation or inhibition, focal adhesion disassembly rate was increased or decreased, 

respectively. The process of disassembly was found to be modulated by AXL-mediated 

recruitment of the disassembly complex GIT/βPIX/PAK to focal adhesions. Furthermore, the 

scaffold focal adhesion protein NEDD9 was identified as a novel direct substrate of AXL upon 

its activation by GAS6. AXL-mediated phosphorylation of NEDD9 induces its complex 

recruitment with CRKII/DOCK3 to induce RAC activation and modulate its role at focal 
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adhesions. This complex recruitment orchestrates AXL-mediated phosphorylation of the focal 

adhesion pseudokinase protein named PEAK1, via binding to the middle SH3 domain of CRKII. 

In this study, PEAK1, known to lack a kinase activity, was shown to recruit CSK kinase to 

modulate PAXILLIN phosphorylation levels at focal adhesion sites and regulate AXL-induced 

focal adhesion turnover. Notably, CRISPR CAS9 deletion of PEAK1 in triple negative breast 

cancer cells decreased tumor growth and metastasis in vivo.  This study emphasizes AXL’s role 

in exploiting NEDD9/CRKII/PEAK1/CSK module to regulate focal adhesion turnover in breast 

cancer cells to promote and sustain their mesenchymal phenotype and progress to metastasis.  

In addition to focal adhesion dynamics, other pathways and processes were revealed to be 

modulated by AXL activation such as RNA transport, vesicle trafficking, and phagocytosis. It 

remains elusive if these pathways modulated by AXL contribute to AXL-induced survival and 

migration in invasive cancer cells or affect a different biological process. Moreover, this is the 

first time that AXL effector pathways are defined in a quantitative manner that may explain and 

justify its invasive role in cancer cells. The global view of AXL signaling will aid in defining 

the mechanisms AXL acquires to promote metastasis and attain drug resistance. This will 

ultimately bring forward novel potential therapeutic targets that may hold promise in the clinic 

to be used in drug combination therapy.  
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Figure 1.2.3 AXL signaling cascades  
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TAMs in human cancer 

Expression of TAM receptor 

TAM receptors and their ligands are expressed in a variety of human cancers and their 

expression correlates with a decrease in survival in solid malignancies and blood cancer. An 

exhaustive table of their expression in cancers and their significance in prognostic, function, 

metastasis and chemoresistance roles was reviewed in [24]. However, GAS6 contribution during 

cancer progression in human cancer still remains to be unclear. In non-small cell lung cancer, 

its expression was linked to increased metastasis and AXL decoy receptors that trap GAS6 were 

shown to reduce metastasis in vivo [100, 101]. On the other hand, other studies have shown 

GAS6 expression to correlate with a positive outcome in breast cancer and we have recently 

shown that GAS6 was not required, in contrast to AXL, for the metastatic progression of HER2+ 

breast cancer in vivo [58, 102]. 

Tumor growth and survival 

TAMs are defined as proto-oncogenes because their overexpression leads to signals that 

can contribute to cancer by various mechanisms like resistance to apoptosis and proliferation. 

Indeed, it was shown that tumor cells educate infiltrating leukocytes to secrete GAS6 to promote 

tumor cells proliferation via activation of the TAMs [103]. In addition, AXL and MER have 

been shown to be important for tumor growth of various cancers [73, 81, 104, 105]. However, 

AXL contribution to tumor growth seems to be context dependent. For instance, our group and 

others have observed that genetic ablation of AXL has no or minor effect on tumor growth and 

that its role is mostly on the metastatic progression [58, 86].  

AXL as a prognostic marker 

The question remaining unanswered in the field is whether the TAMs can be used as 

prognostic markers. Some studies strongly suggest that AXL can be used as a biomarker for the 

survival of different cancer types and a recent meta-analysis support these observations [100, 

106, 107].  Nonetheless, a further large-scale analysis will be required to validate the prognostic 

value of AXL and its oncogenic status.  
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Metastatic progression of solid cancer 

EMT and metastasis 

Since 90% of cancer-related deaths are caused by metastasis, the role of TAMs in cancer 

spreading justifies their effect on patients’ survival. It is now well established that TAM 

expression, particularly AXL, is linked to EMT and metastasis [58, 86, 108, 109].  We recently 

reported that AXL is essential for the metastatic progression of a transgenic mouse model of 

HER2+ breast cancer and its expression in patient samples correlates with EMT and TGF- 

signaling [58].  

AXL in multiple steps of the metastatic cascade 

Metastasis is a multifaceted process which requires the adaptation of cancer cells through 

the different steps of the process. Firstly, the cells need to increase their invasion capacities in 

the primary tumor to enter the circulation, a process called intravasation. Once they reach their 

site of interest, the cancer cells exit the circulation to enter the distant organ parenchyma, in a 

process named extravasation. This metastatic cascade ends by the metastases growth at the new 

site [110]. A recent study has now recapitulated the role of AXL in this complex process. 

In our recent study, we dissected this cascade in a HER2+ breast cancer mouse model 

and showed that AXL is required for intravasation, extravasation and metastatic growth in the 

lung [58]. A role for AXL was highlighted in this EMT-dependent process via TGF--

reprogramming of cells for metastasis. We showed that AXL knockout cells are less prone to 

intravasate due to the loss of their ability to be mesenchymal and mobile. In addition, they were 

not responsive to TGF- stimulation of cell invasion, suggesting AXL as a mediator of TGF--

induced cell invasion 

In the same study, AXL was revealed to be a mediator of TGF--induced extravasation 

for lung colonization in this context. Similarly, another study has also confirmed AXL’s role in 

breast cancer cells extravasation to the lungs [87]. Furthermore, we demonstrated that this 

receptor contributes to the establishment of macrometastases once the cells are in the lung. A 

similar observation was also marked by another group, but this time in the context of PyMT 
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transgenic breast cancer model [111]. Using AXL+ tumor-initiating cells that display partial 

EMT, they suggested that AXL prepares the metastatic niche by promoting the activation of 

fibroblasts in the lung via the secretion of THSB2. 

Dormancy 

The metastatic cascade can also end by an alternative path where the cancer cells remain 

dormant in the new organ. Disseminated cells can survive without proliferating for years and 

wake-up to cause relapse in patients [112]. In the specific context of bone marrow metastasis of 

prostate cancer, AXL, GAS6, and MER have been implicated in dormancy. Osteoblasts have 

been shown to produce GAS6 that interacts with AXL or MER on the surface of nearby 

disseminated cancer cells to regulate the arrest of proliferation [66, 113, 114]. Recently, it was 

shown that AXL activation by GAS6 on prostate cancer cells induces the expression of TGF- 

and TGF-R that in turn leads to dormancy and cell growth suppression in the bone marrow 

niche [113] (Figure 1.2.4). This will, in turn, protect the cells from chemotherapy-induced 

apoptosis. This, in fact, is contradicting to AXL’s role in inducing cell survival in the cancer 

cell at the primary site. Further work is needed to investigate whether AXL can induce dormancy 

in the niche of other metastatic sites. Since our work has demonstrated a role for AXL in the 

growth of macrometastasis in the lungs in HER2+ breast cancer model, it's possible that AXL, 

rather than inducing cell dormancy, may play a role in promoting cell growth.       

Altogether, this extensive work on metastasis displays the requirement of AXL during 

the whole process of metastasis and strongly suggests that blocking this receptor could help 

decrease the metastatic burden at many stages of the disease. 

Tumor microenvironment 

Angiogenesis  

TAMs and their ligands are expressed by different components of the cardiovascular 

system including endothelial cells, pericytes and vascular smooth muscle cells (VSMC) (Figure 

1.2.4) [24]. However, in comparison to TAMs or GAS6 knockout mice, PROTEIN S knockout 

mice were embryonic lethal because of coagulation and blood vessel defects leading to 
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hemorrhages [115]. GAS6/AXL pathway has been shown to play a role in vasculogenesis due 

to its effect on migration and apoptosis of VSMC [116]. In contrary, PROTEIN S and MER 

have been shown to inhibit VEGF-A-induced angiogenesis [117]. Autocrine and paracrine 

GAS6/AXL signaling has been implicated in endothelial tube formation suggesting its role in 

angiogenesis [118, 119]. Indeed, inhibiting AXL in vivo via the small molecule inhibitor R428 

leads to a reduction of tumor angiogenesis [89]. 

Antitumor immunity 

TAM receptors are known for their function in immune homeostasis. Using inhibitory 

feedback mechanisms, TAMs reduce inflammation via phagocytosis of apoptotic cells and 

regulation of TLR and cytokine signaling [52, 120-122]. Indeed, the triple knockout mice are 

viable but suffer from chronic inflammation and systemic autoimmunity [123]. Thus, TAMs 

implication in immune regulation can be used to increase antitumor immune response. 

In the immune system, TAMs are primarily expressed by antigen presenting cells 

(macrophages and dendritic cells) and NK cells (Figure 1.2.4) [24]. In macrophages, AXL and 

MER have been found to have distinct roles in the different context of phagocytosis. MER was 

presented as having a tolerogenic role during macrophage resting and immunosuppression, and 

AXL was associated with an inflammatory response because of its induction by 

proinflammatory stimuli [32]. Indeed, AXL signaling has also been associated with the 

polarization of macrophages toward a proinflammatory phenotype termed M2 in a cancer 

context [124, 125]. In addition, genetic ablation of MER in the immune system of PyMT breast 

cancer model led to a reduction of tumor and metastasis burden due to a difference in cytokines 

expression in leukocytes resulting in an increase of CD8+ lymphocytes infiltration [126]. 

Additionally, the TAMs act as a break for NK cells activation against metastatic tumor 

cells [46]. Thus, TAMs inhibition led to a decrease in the metastatic burden of murine mammary 

cancer and melanoma in vivo by enhancing NK cells activity. Moreover, TAMs have also been 

implicated in T cell regulation via their role in TLR signaling and type I IFNs production by 

dendritic cells [127]. To maintain homeostasis, TAMs are central to a negative feedback loop 

that prevents overactivation of the adaptive immunity. Once activated, T cells start to produce 

PROTEIN S that will activate the TAM receptors at the surface of dendritic cells to decrease 
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the dendritic cell activity [128]. Furthermore, GAS6/AXL axis has also recently been implicated 

in regulatory T cells (Tregs) suppressive activity. It was shown that AXL activation by GAS6 

on Tregs leads to an increase in their immunosuppressive activity in vitro and in vivo [129]. All 

these evidence suggest that inhibiting TAMs could be a powerful approach to increase the 

efficiency of immunotherapy. 

However, removing a homeostatic checkpoint on inflammation can also have the 

opposite effect on tumor progression. Indeed, the genetic ablation of AXL and MER in a mouse 

model of induced colon cancer promoted tumor growth [130]. In this context, the receptors 

inhibition led to the reduction of apoptotic neutrophils clearance in the intestine and increased 

proinflammatory cytokines that favored a tumor-promoting environment. Therefore, it is 

important to fully understand the role of those receptors in immunity to be able to modulate their 

activity toward enhancing antitumor responses.  
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Figure 1.2.4 Role of AXL in metastasis and tumor microenvironment 
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Mediators of resistance 

TAM overexpression has been linked to acquired resistance to conventional and targeted 

therapies in both solid and blood cancers. Therefore, increasing evidence suggests that they 

could be targeted to overcome the resistance of many types of anti-cancer strategies (Figure 

1.2.5). 

Chemotherapy and antimitotic drugs 

AXL and MER have been found to be upregulated in chemoresistant cells in a variety of 

cancers. Many studies have shown a better drug sensitivity when combining AXL or MER 

inhibition with chemotherapeutic compounds such as Docetaxel, Cisplatin, Pemetrexel, 

Vincristine, Paclitaxel, Adryamicin or Gemcitabine [131-135]. Indeed, inhibiting AXL or MER 

promoted apoptosis that enhanced chemotherapeutic agents’ effects mainly via the AKT 

pathway [73, 133, 136].  

Mesenchymal cells are known to be more chemoresistant because of their stem-like 

properties. In cancer cells, chemotherapy induces EMT and AXL expression [80, 90, 92]. 

Indeed, AXL was shown to be associated with mesenchymal features in breast and lung cancer 

cells and AXL inhibition was able to synergize with antimitotic agents to induce cell death [92]. 

Recently, genetic or pharmacological inhibition of AXL was shown to revert EMT in pancreatic 

and prostate cancer cells and to modulate the expression of nucleoside transporters that impact 

chemotherapeutic response [131, 134]. Thus, it appears that blocking AXL or MER is able to 

improve the response to chemotherapies by reverting EMT and by blocking downstream 

pathways that lead to apoptosis and drug resistance. 

Targeted therapy 

TAM receptors expression has also been associated with targeted therapy resistance. 

Particularly, many pieces of evidence show that they mediate RTK inhibitors (TKI) resistance. 

For example, AXL was shown to be overexpressed in cell lines and in patients resistant to the 

multiple kinase inhibitor Imatinib [137]. In this context, knockdown of AXL reduced PKC and 

ERK activation leading to a sensitization of TKI-resistant cells.  
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Furthermore, AXL and MER were shown to be frequently overexpressed in a variety of 

cancer cells resistant to EGFR targeted therapies [38, 138-140]. Gefitinib resistant cells were 

shown to have AXL overexpression because of a slow turnover of the protein [140]. 

Additionally, many studies link the resistance to EGFR inhibitor Erlotinib to EMT and AXL 

overexpression [38, 139]. In this context, Erlotinib resistant cells displayed EMT features that 

could be prevented by AXL inhibition. AXL inhibition was then able to re-sensitize the cells to 

Erlotinib treatment. Likewise, the overexpression of AXL was sufficient to induce an acquired 

resistance to the anti-EGFR antibody Cetuximab [141]. AXL activation stimulated cell 

proliferation, EGFR activation, and MAPK signaling via a positive feedback loop that 

maintained EGFR activation by AXL. Indeed, AXL was shown to diversify EGFR signaling via 

heterodimerization which could lead to a lack of response to EGFR family of inhibitors [57]. 

On the other hand, EMT-associated drug resistance to Erlotinib with an increase of AXL 

expression was also shown to be independent of AXL, so the data are still controversial [92]. 

Moreover, AXL was also shown to be overexpressed in HER2 inhibitors (Lapatinib or 

Trastuzumab) resistant cells, and AXL inhibition was able to restore their sensitivity via 

inhibition of MAPK and AKT pathways [142].  Thus, AXL is now clearly linked with an 

acquired resistance to EGFR family of inhibitors and combining those therapies with AXL 

inhibitors could be a powerful approach to overcome the acquired resistance. 

Other than TKIs, AXL has recently been shown to be implicated in the resistance to 

PI3K, ALK and PARP inhibitors among others [61, 143, 144]. The dimerization of AXL and 

EGFR has been associated with the activation of PLC-PKC leading to mTOR activation 

independently of the PI3K-AKT signaling pathway. Thus, inhibiting EGFR, PKC or AXL was 

able to revert resistance to PI3K inhibitors [61]. Crizotinib, an ALK inhibitor, was also linked 

with the activation of AXL and EMT. In this context, inhibiting AXL rescued ALK inhibitor 

resistance via the inhibition of ERK signaling [143]. Furthermore, the expression of AXL in 

patient samples was linked with the expression of DNA repair markers. Indeed, the inhibition 

of AXL reduced DNA repair genes and reduced homologous recombination (HR) in cancer 

cells. Thus, inhibiting AXL caused HR deficiency that increased the sensitivity to PARP1 

inhibition [144]. 
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Moreover, since AXL was implicated in tumor angiogenesis and VEGFR crosstalk, its 

role in angiogenesis inhibitors resistance was studied. Indeed, Sunitinib, an anti-angiogenic 

small molecule, was shown to increase AXL signaling [145, 146]. Chronic treatment with 

Sunitinib induced AXL, MET and EMT changes in expression leading to drug resistance. In 

this context, inhibition of AXL and MET kinases impaired Sunitinib acquired resistance in vitro 

and in vivo [146]. Thus, AXL emerges as a mediator of resistance to angiogenesis inhibitors and 

a strategy of a combination of inhibitors could be a solution to improve the efficiency of these 

treatments. 

Immunotherapy and radiation 

Cancer immunotherapy, using checkpoint inhibitors, is an emerging therapeutic option 

in the clinic, but a lot of patients are unresponsive. Mechanisms of evasion include adaptive 

immune resistance where tumor cells promote an immunosuppressive environment leading to T 

cell exclusion [147]. Since TAM inhibition promotes an antitumor microenvironment and an 

adaptive immune recruitment, combining those with immune checkpoint blockade could be a 

viable solution to increase their activity. 

Combining radiation therapy and checkpoint immunotherapy have been suggested to 

treat various cancers and tumors resistant to this strategy have been shown to overexpress AXL 

[148]. In those tumors, AXL inhibition increased the sensitivity of this combined therapy by 

increasing CD8+ T cell response. AXL was associated with a reduction of antigen presentation 

via MHCI and an enhanced cytokine release that promoted a suppressive microenvironment, 

leading to a decrease in the efficiency of the treatment. Furthermore, several recent studies also 

linked AXL or MER activation with an increase of expression of PD-L1 by tumor cells [149-

151]. Indeed, radiation resistant cells had an increase in this immune checkpoint molecule 

because of the AXL/PI3K pathway activation [149]. Hence, combining PD-L1 and AXL 

inhibition was able to synergize on antitumor efficacy in vivo [150].  In addition, MER and AXL 

have been shown to contribute to immune escape via modulation of efferocytosis depending on 

Phosphatidylserine (PS)/TAM signaling leading to AKT activation and upregulation of PD-L1. 

[151]. Thus, inhibiting the TAMs emerges as a good candidate for therapy to enhance the 

efficiency of this promising avenue to treat cancer.  
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In conclusion, TAM receptors are emerging as mediators of resistance for many types of 

antitumor strategies mainly via their link with other RTKs such as EGFR, HER2, MET, VEGFR 

or PD-L1 and their important role in EMT that is associated with a wide range of changes linked 

to stemness and various anti-tumor treatment resistance. 
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Figure 1.2.5 Mediators of Resistance  
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Future perspectives 

See CHAPTER “Conclusion” of this thesis for a detailed perspective. 
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1.3 Dynamics of the actin cytoskeleton 
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The cytoskeleton is a dense network of elements consisting of microtubules, actin 

filaments and intermediate filaments that are found in the cytoplasm which provide structural 

support for the cells and permits directed movement of organelles, DNA and the cell itself. In 

specific, actin filaments consist of structural proteins named actin, where its monomeric 

globular form (G-actin) polymerize to form filamentous actin (F-actin) [152]. They constantly 

change in length which leads to their formation or dissolving. Actin is an ATPase protein that 

hydrolyzes an ATP upon its departing from a filament [153]. During the process of actin 

threadmilling, actin monomers join the barbed fast-growing end of the filament in its ATP state 

and depart the filament from the pointed end in an ADP state. This process of ATP hydrolysis 

plays a role in regulating the transition between polymerized and depolymerized actin, leading 

to changes in cell shape and movement, which will ultimately affect many biological processes 

such as embryonic morphogenesis, immune surveillance, angiogenesis, and tissue repair and 

regeneration [154-158].     

1.3.1 Regulation of actin cytoskeleton dynamics 

The cause of numerous diseases such as cancer, neurological disorders, 

cardiomyopathies, and Wiskott-Aldrich syndrome, is often the abnormal regulation or 

functioning of the actin cytoskeletal components since it affects many biological processes 

[152].  Hence, actin polymerization and depolymerization processes are tightly regulated by 

actin-binding proteins (ABP) [152]. Subsets of ABPs control many events during the dynamic 

process of actin threadmilling, including actin filament nucleation, elongation, severing, 

capping, crosslinking and actin sequestering [159]. ABPs are known to bind G-, F- actin or both. 

Some of which include, PROFILIN [160], COFILIN [161], WAVE/WASP [162], ENA/VASP 

[163] and FORMINs [164].  The dynamics of the actin rearrangements are regulated by 

signaling cascades that include kinases/phosphatases, and most notably RHO family small 

GTPases which act as GTP-dependent switchable molecules (Figure 1.3.1) [165]. Signals 

transmitted through these GTPases lead to actin rearrangement at the plasma membrane to 

induce different types of protrusions [166]. Generally, ABPs function as intermediate players 

which upon RHO GTPase activation, undergo conformational changes that will translate 

external cues or signals to changes in cytoskeletal rearrangements and membrane remodeling 
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[163]. Furthermore, RHO GTPase activation modulates the role of another protein family 

involved in the regulation of actin cytoskeleton dynamics, named BAR domain-containing 

proteins. BAR proteins contain a membrane-binding domain (BAR) and are known to link 

signaling pathways with actin rearrangements and membrane dynamics [167]. They also contain 

additional modules at the N- and C- terminal to the BAR domain, which play a role in 

diversifying their function, such as PH domains (phospholipid binding) [168], CRIB domain 

(RHO GTPase binding) [169], WH2 domain (actin binding) [170], and SH3 domains (proline-

rich region binding) [169].  RHO GTPase binding to ABPs or BAR proteins leads to their 

activation by typically releasing their autoinhibition caused by internal interactions that will lead 

to their recruitment to a specific locus at the membrane [152]. Hence, this reveals RHO GTPases 

as significant players of actin cytoskeleton regulation that need to be tightly regulated to attain 

a controlled function of various cell processes.   
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Figure 1.3.1 GDP-GTP cycle of RHO GTPases 

RHO GTPases are known to cycle between an active (GTP-bound) form and an inactive form (GDP-bound). To activate RHO 

GTPases, guanine nucleotide exchange factors (GEFs) facilitate the exchange of GDP to GTP, whereas GTPase activating 

proteins (GAPs) promote the hydrolysis of GTP and inactivate the GTPase. Guanine nucleotide dissociation inhibitors (GDIs) 

are known to sequester the GTPase in a GDP-bound state in the cytosol.  
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1.3.1.1 RHO Family of GTPases 

RHO family of GTPases are part of a superfamily named Ras-related small GTPases 

which are ubiquitously expressed. There are 23 members identified in mammals (Figure 1.3.2), 

11 in Drosophila melanogaster, 10 in Caenorhabditis elegans and 5 in Saccharomyces 

cerevisiae [171-173]. They share a highly conserved GTPase domain and have small N- and C- 

termini, with a prenylated CAAX motif flanking its C-terminus allowing them to be anchored 

to the membrane to transduce signaling [172]. Because of their GTPase domain, they act as 

molecular switches to control signal transduction by cycling between a GTP form (active) and 

a GDP form (inactive) (Figure 1.3.1). Once they are GTP-bound, they interact with downstream 

targets named effectors to transduce their signal to a cellular process [174]. From the 23 

members identified in mammals, RAC, RHO and CDC42 are the three most characterized 

members of the family where their function in regulating actin cytoskeleton was best 

characterized. In fibroblasts and many other cell types, using active and dominant negative 

forms, RHO was characterized to play a role in actomyosin contractility, whereas RAC and 

CDC42 play a role in actin polymerization in lamellipodia and filopodia membrane protrusions, 

respectively [175, 176]. In addition to actin cytoskeleton dynamics, RHO GTPases also regulate 

many other processes and signaling pathways such as cell polarity, gene transcription, cell cycle 

progression, microtubule dynamics, and vesicular transport [177]. The following table 

summarizes many function and roles of the cell that are regulated by specific GTPases and their 

effectors (Table 1.I). 
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Figure 1.3.2 Phylogenetic tree of the RHO GTPase family 

Adapted from Grise F, et al. Biochim Biophys Acta Review 2009 [178] 

The 23 members of the family can be classified in 6 subfamilies (RHOA, RAC, CDC42, RHOBTB, MIRO, RND), shown in 

different colors. This tree is built based on their sequence identity. The amino acid sequences of human RHO GTPases were 

aligned using the ClustalW program and the phylogenetic tree was generated with the TreeView program [179]. 

 



 

 

Table 1. I Biological roles of GTPases in the cell 

Role Process RHO GTPase involved Effectors and other proteins involved 

Morphology 

Cell polarity CDC42 [180] PAR proteins, PKC kinase [181, 182] 

Cell shape CDC42, RAC, RHOA [183-186] 

PAR proteins, PKC kinase [187], 

LAMININ [188], RAL GTPase, SEC5  

[189, 190] 

Movement 

Single-cell migration 
RAC [191, 192], RHOA [193], CDC42 

[194] 

IRSp53, PIP5K, PAK1, LIM, ARP2/3 

complex [195], DOCK180/CRKII [196], 

STATHMIN, ROCK1, mDIA [197] 

Coordinated cell migration RHO [198], RAC, CDC42 [184]  
PKN, ROCK1 [199], JNK/MAPK [200], 

DPP [201] 

Behaviour 

Contraction RHO [202] ROCK1 [203], THROMBIN [204] 

Phagocytosis 
RAC, CDC42 [205, 206], RHOG [207], 

RHO [205] 

FcR [205], PAK1 [208], ELMO1 [207], 

VAV [209], αMβ2 [205], CRKII, 

DOCK180 [196], ARP2/3 complex 

[210]     

Proliferation RAC, RHO, CDC42 [211] 

VAV, JNK/MAPK, NF-AT, IL2 [212], 

CYCLIN D2 [213], CYCLIN D1 [214], 

p21CIP [215] 

Regulated secretion CDC42 [216], TC10 [217] 
PAR proteins, PKC kinase [216] [216], 

GLUT4 [217] 



 

 

1.3.1.1.1 Regulation of RHO GTPases 

Alterations in RHO GTPase signaling can lead to many malignant transformation, 

neurological abnormalities, and immunological diseases. Hence tight regulation of RHO 

GTPase activity is critical for the normal function of various biological processes mentioned 

above. Their cycling process between GTP and GDP states is regulated by three families of 

proteins: Guanine nucleotide exchange factors (GEFs) which facilitate the exchange of GDP to 

GTP to activate the GTPase [218], GTPase activating proteins (GAPs) which promote the 

hydrolysis of GTP and inactivates the GTPase, and Guanine nucleotide dissociation inhibitors 

(GDIs) which sequester the GTPase in a GDP-bound state in the cytosol and prevent them from 

localizing at the membrane or being activated by GEFs [219] (Figure 1.3.1).   

GEFs are divided between two families: DBL-Homology domain (DH) family and Dock 

Homology Region (DHR) domain or Dedicator of cytokinesis (DOCK) family. The majority of 

RHO GEFs are part of the DH family of GEFs which consist of more than 70 members. They 

contain a catalytic DH domain that is followed by a pleckstrin homology (PH) domain that 

facilitates their interaction with the plasma membrane and hence affects the catalytic activity of 

the DH domain [218, 220]. DOCK GEFs, however, which consist of 11 members are 

characterized by 2 conserved domains DHR-1 and DHR-2. DHR-2 domain binds the GDP form 

of GTPase to catalyze the exchange of GDP to GTP [221, 222], whereas DHR-1 domain binds 

PIP3 at the plasma membrane to facilitate GEF localization to the membrane. Moreover, GAPs 

and GDIs act as negative regulators of RHO GTPases. GAPs provide a catalytic group that can 

accelerate the intrinsic GTPase activity of the GTPase. They contain a GAP domain that binds 

the GTP-bound state of the RHO GTPase and catalyzes its GTPase activity [223].  On the other 

hand, GDIs control the cycling of the GTPases between cytosol and membrane and regulate 

their activation. GDIs family consist of 3 members that contain an N-terminal domain that binds 

RHO GTPases and a C-terminal domain that includes the geranylgeranyl-binding pocket that 

extracts geranylgeranylated RHO GTPases from the membrane to keep them inactive in the 

cytosol [224].  On the other hand, GDIs can also play the role of a GTPase activator by either 

acting as a chaperone in moving GTPases between membranes or by binding the GTPase and 

protecting them from proteasomal degradation by preventing ubiquitin ligase binding [225, 

226].  
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In addition to their GDP/GTP cycling regulation, post-translational modifications of 

RHO GTPases such as lipid modification, phosphorylation, ubiquitination, and sumoylation are 

also known to regulate their signaling. RHO GTPases can also be regulated at the level of gene 

expression or post-transcriptionally by miRNAs. Examples and effects of these modifications 

on specific RHO GTPases are mentioned in Table 1. II. 

 



 

 

Table 1. II Post-translational modifications of GTPases 

Modification RHO GTPase Detail of modification Outcome 

Lipid Modification 

All except RHOBTB1 and RHOBTB2 

Prenylation: At the CAAX motif, 

irreversible prenylation on Cysteine by a 

farnesyl or a geranylgeranyl lipid 

followed by removal of AAX and 

methylation of the prenylated Cysteine 

[227, 228] Localize them to certain membrane 

compartments 
RAC1 on Cys178 [229] 

S-palmitoylation: a reversible addition 

of a palmitoyl group on a Cysteine 

CDC42 on Cys189 [230] 

RHOU [231] 

RHOV [232] 

Phosphorylation 

RAC1 on T108 [233], Y64 [234], S71 

[235] 
By kinase ERK, SRC/FAK, AKT 

Targets RAC1 to the nucleus, negative 

regulation of RAC1 activity, inhibit GTP 

binding and a decrease in RAC1 activity 

CDC42 on Y64 [236], S185 [237] By kinase SRC, PKA 
Enhances GDI interaction and 

translocates to the cytosol 

RHOA on S188 [238, 239], T127 [240] By kinase PKA and SLK, PKC 

Enhances GDI interaction and 

translocates to the cytosol, protects 

GTP-bound form from proteasomal 

degradation, inhibit RHOA activity 

Atypical GTPases: RND3 S240, S218, 

S210 [241-243], RHOU on Y254[244] 

- By kinase ROCK1 and PKC 

- By kinase SRC 

- Targets its binding to 14-3-3, rendering 

it inactive in the cytosol 

- Translocation from the plasma 

membrane to endosomes 

Sumoylation RAC1 on K183, 184, 186, 188 [245] By SUMO E3 ligase PIAS3 
Increases GTP binding and Rac1 

activation 

Ubiquitination 

RHOA on K6, K7  [246], K135 [247] By complex SCF, SMURF1, BACURD 

Proteasomal degradation 

RHOBTB1 and RHOBTB2 [248] By ligase CUL3 

RND3 on K235 [249] By complex SCF 

RHOU on K177, K248 [250] By ligase CUL5 

RAC1 on K147 [251], K166 [252] By complex XIAP, cIAP, SCF 

MiRNA 

RHOA 
miRNA-155 [253], miRNA-125a-3p 

[254], miRNA-185 [255] mRNA degradation, inhibition of 

translation and decrease in expression 
CDC42 miRNA-185 [255], miRNA-29 [256] 

 



 

 

1.3.1.1.2 DOCK family of atypical GEFs 

DOCK GEFs are referred to as “atypical” because they lack the typical Dbl-homology 

domains found in the typical DH GEFs. DOCK GEFs consist of 11 members that are classified 

into 4 subfamilies (Figure 1.3.3). Interestingly, they are all specific to RAC or CDC42 GTPases 

but not RHOA and the other members of RHO GTPases [257]. Besides their PIP3-binding 

domain (DHR-1) and GEF domain (DHR-2), 2 subfamilies of DOCK GEFs (DOCK-A and 

DOCK-B) contain an SH3 domain at the N-terminus, mediating their interaction with their 

binding partner, ELMO protein [222]. In addition, their C-terminus contains a PXXP motif 

where SH3-containing adaptors can bind such as CRKII. Following PI3-Kinase activation and 

PIP3 production upon an external signal or stimuli, DHR-1 facilitates the recruitment of DOCK 

GEFs to the membrane [258]. In addition to DHR-1, the polybasic region (PBR) of DOCK-A 

GEFs have been shown to mediate membrane localization by binding to phosphatidic acid (PA) 

[259]. Once recruited to the membrane, DOCK GEFs can mediate their GEF function on RAC 

or CDC42 GTPases near the membrane to induce actin cytoskeleton rearrangements. Recent 

studies in vivo have defined roles for DOCK GEFs in biological functions such as myoblast 

fusion, cardiovascular development, bone-resorption and immune homeostasis [260-263].  
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Figure 1.3.3 DOCK family of GEFs 

Adapted from Mélanie Laurin and Jean-Francois Côté in Genes & Dev. Review 2014 [222] 

DOCK proteins, subdivided into four subfamilies, are characterized by the evolutionarily conserved DHR-1, mediating binding 

to PIP3, and DHR-2, encompassing the GEF activity toward RAC/CDC42 GTPases. The N terminus of DOCK-A/B GEFs, 

including an SH3 domain, mediates their interaction with ELMO scaffolding proteins, while the C-terminal PXXP region 

coordinates interactions with SH3-containing adaptor proteins, such as CRK and GRB2. DOCK-D members have an N-

terminal-localized PH domain involved in phosphoinositide binding for membrane translocation. Whereas the DHR-2 domain 

of DOCK-A/B is specific to RAC GTPase, DHR-2 domain of DOCK-C can mediate its GEF activity on RAC and CDC42 

GTPases. Several studies have identified that DOCK GEFs are post-translationally modified by kinases and phosphatases. Of 

in vivo relevance, phosphorylation of DOCK1 (D1) on Y722, Y1811, or S1250 increases its GEF activity toward RAC and is 

elevated in brain cancers. AKT1 binds to DOCK6 (D6) and phosphorylates its S1194 to inhibit its GEF activity; binding of 

DOCK6 to the phosphatase PPP2CA counteracts this inhibition through dephosphorylation. 
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1.3.1.1.2.1 Binding Partners 

DOCK1, also named DOCK180, in subfamily DOCK-A was initially identified as a 

binding partner to CRKII adaptor protein [264]. CRKII adaptor protein is known to complex 

with CAS family members p130CAS to induce RAC activation and cell migration [265], which 

have been shown to be dependent on DOCK1 expression [266]. Understanding the function of 

this pathway has been greatly explored in flies and worms. Its ortholog in C. elegans Ced-5 has 

been identified along with other six Ced genes to be involved in the engulfment of apoptotic 

cells [267, 268]. Along to Ced-5, Ced-2 and Ced-10, the worm orthologs of CRKII and RAC 

respectively, have also shown to play an important role in the migration of the distal tip cells in 

the gonads during C. elegans development. Further studies identified another gene Ced-12, the 

worm ortholog of ELMO, to bind Ced-5 (DOCK1) and to functionally cooperate with Ced-2 

(CRKII) to regulate their complex [269, 270].  

Engulfment and cell motility (ELMO) proteins are scaffold proteins that bind DOCK-A 

and DOCK-B family of DOCK GEFs. ELMO family of proteins consists of 3 mammalian 

members, ELMO1-3 (Figure 1.3.4). They are characterized by their C-terminus that contains 

an atypical PH domain that interacts with the α-helical region flanking the SH3 domain in 

DOCK proteins, followed by a proline-rich region (PRR or PXXP) that interacts with DOCK1 

flanked SH3 domain. Their N-terminus, on the other hand, has been reported to bind RHOG, 

ERM proteins and BAI1 [271-273]. The central region of ELMO contains an ELM domain 

which has an unknown function [274].  Moreover, DOCK/ELMO complex formation has 

proven to be essential to achieve RAC-dependent actin cytoskeleton remodeling at the 

membrane protrusions which relies on microtubule stabilization mediated by the microtubule 

plus tip binding protein named ACF7, a binding partner of ELMO [257, 275-277]. In addition, 

other studies reported ELMO proteins to potentiate DOCK GEF activity on RAC [278]. This 

function of ELMO is proposed to be mediated by the PH domain which plays a role in stabilizing 

RAC interaction with DOCK1 at the DHR-2 domain, hence increasing the GEF activity and 

RAC GTP-loading [279]. Another strategy of how ELMO proteins can potentiate DOCK1 GEF 

activity could be by the ELMO-induced accumulation of DOCK1 protein levels in cells by 

preventing its proteasomal degradation [280].  
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A) 

 

B) 

 

Figure 1.3.4 ELMO family of proteins and their regulation of DOCK protein 

localization 

Adapted from Mélanie Laurin and Jean-Francois Côté in Genes & Dev. Review 2014 [222] 

A) ELMO family of proteins consist of 3 members, ELMO1-3. They contain a Ras-binding domain (RBD) at their N-terminus 

that is known to bind activated RHOG and Arl4a. This domain is followed by an Elmo Inhibitory Domain (EID) that binds 

directly to the C-terminal domain between the PH and PXXP motif to regulate its open-closed conformation. The central region 

of ELMO proteins contains an ELM domain which has an unknown function. At the C-terminus, an atypical PH domain is 

presently followed by a proline-rich region (PXXP), which are both involved in binding to the α-helical region and the SH3 

domain of DOCK proteins. B) Recent studies highlight the key role played by Elmo in positioning Dock1 after cell stimulation. 

At the basal state, ELMO and DOCK1 are found in complex and are proposed to be autoinhibited by intramolecular interactions. 

Uncomplexed ELMO and DOCK2 are also proposed to be autoinhibited, which is suggested to be released upon their 

interaction. Upon cell stimulation, the recruitment of the ELMO/DOCK complex at the membrane can be guided by ELMO’s 

repertoire of interacting proteins.  
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1.3.1.1.2.2 Regulation of DOCK/ELMO complex 

ELMO proteins can be regulated by intramolecular contacts where their N-terminal 

Armadillo Repeats (ARMs) named ELMO Inhibitory Domain (EID) directly binds the C-

terminal region of ELMO between the PH and PXXP motifs. The disruption of this 

intramolecular interaction leads to changes in ELMO conformation. At basal state, ELMO has 

been proposed to be in a closed conformation and physically bound to DOCK proteins which 

are also in a closed conformation (Figure 1.3.4) [274, 281, 282]. Extracellular signals can 

release the autoinhibition of ELMO where Ras-binding domain (RBD) can bind the activated 

GTPases RHOG or ARL4A, change ELMO to an open conformation and hence facilitate the 

positioning of DOCK1 and RAC at the membrane to have increased and polarized RAC 

activation [271, 283]. Hence this autoinhibition relief seems to be dependent on a specific signal 

that will contribute to the promotion of a conformational change. This signal could be a direct 

or an indirect binding partner at its C-terminus or N-terminus or a post-translational 

modification that will induce the release of the autoinhibition. A study has shown ELMO 

proteins to be phosphorylated by the SRC kinase HCK [284]. Similar to ELMO, DOCK proteins 

have been shown to be phosphorylated by specific kinases and this phosphorylation led to the 

modulation of their GEF function. For instance, PDGFR-mediated phosphorylation of DOCK1 

on Y1811 by SRC and EGFRvIII-mediated phosphorylation of DOCK1 on Y722 by SRC and 

S1250 by PKA, both found in brain tumors, increased DOCK GEF activity towards RAC and 

promoted the invasion and migration of EGFRvIII and PDGFR positive cells [285-287]. In 

addition, HER2-mediated tyrosine phosphorylation of DOCK1 on Y1811 has also been 

observed in HER2 breast cancer [288]. Inversely, DOCK6 phosphorylation by AKT on S1194 

inhibits its GEF activity and prevents axon growth in neurons [289]. Another post-translational 

modification that can regulate DOCK function in cells is ubiquitination. A study has shown 

DOCK1 to be ubiquitinated upon EGF stimulation at the plasma membrane, and this 

ubiquitination was inhibited by ELMO expression [280].   

Hence, it would be interesting to see if ELMO phosphorylation can lead to the release 

of EID intramolecular interaction. Investigating what protein partners can interact with ELMO 

either at N-term or C-term and what other kinases can phosphorylate ELMO can improve our 

understanding of how ELMO is activated and how it can regulate DOCK activity.  
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1.3.1.1.2.3 Role of DOCK/ELMO complex in cancer  

DOCK proteins within subfamilies DOCK-A and DOCK-B, known to interact with 

ELMO, have shown to play a role in cancer growth and invasion. For instance, high levels of 

DOCK1 significantly associates with poor disease-free survival in HER2+ and basal breast 

cancer patients [288]. Its deletion has shown a decrease in Neu-induced mammary tumor burden 

and inhibition of lung metastasis. Similarly, in glioblastomas multiforme, DOCK1 has been 

shown to be highly expressed and its activation by either PDGFRA or EGFRVIII in 

glioblastoma cells have rendered cells to be more invasive [285-287]. Abrogating DOCK1 

expression in these cells has led to a significant impairment in their proliferation when injected 

in the brain and their ability to invade the brain in vivo. Other studies reported urokinase-type 

plasminogen activator receptor (uPAR), a receptor highly expressed in many human cancers 

and correlating with poor prognosis of patients, to induce its invasive signaling by modulating 

DOCK1/CRKII/BCAR1 complex to induce tumor cell motility and invasion [290].  Another 

group has demonstrated a role for DOCK1/ELMO complex downstream of the GPCR CXCR4 

in SDF-1α-induced breast tumor cell dissemination [291]. Upon CXCR4 activation by SDF-1α, 

DOCK1 is recruited to the plasma membrane via ELMO binding to Gαi2 subunit and activates 

RAC. This process was shown to be essential for breast tumor metastasis. A similar study has 

shown RAC activation by DOCK1 downstream of GPCRs led to the activation of the p110β 

subunit of PI3K [292]. RAC activation mediated by ELMO binding to Gβγ subunit downstream 

of LPA and S1P GPCR was shown to be necessary for LPA-stimulated cell migration. 

Altogether, these studies demonstrate cell surface receptors such as HER2, uPAR, CXCR4, 

EGFR, and PDGFR, exploit DOCK1/ELMO complex in their signaling pathways to mediate 

their role in tumor progression and metastasis in various types of cancer. 

Metastatic cancer cells can move in two types of movements: mesenchymal and 

amoeboid in order to metastasize to secondary sites [293, 294]. During the mesenchymal 

movement, the cell adopts a RAC-induced elongated cell morphology with membrane ruffles 

formation at the leading edge. In contrast, amoeboid movement of the cell involves RHOA 

signaling to induce actomyosin contractility, where the cell becomes round shaped with 

membrane blebbing [293]. This change in movement mode is interconvertible depending on the 

microenvironment of the tumor cell. In search of regulators for these RHO GTPases, DOCK3 
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was identified as a regulator of mesenchymal movement in melanoma cells [295]. Suppression 

of DOCK3 led cells to migrate in an amoeboid manner. DOCK3 binds NEDD9 adaptor protein, 

a member of CAS family, and activates RAC to signal via WAVE2 to remodel actin 

cytoskeleton to induce a mesenchymal phenotype. It simultaneously suppresses amoeboid 

movement by decreasing the levels of phospho-myosin light chain-2 (pMLC2) and hence 

decreasing actomyosin contractility in the cells. During the amoeboid movement, RHOA-

ROCK signaling is able to inhibit mesenchymal migration by ARH GAP22-mediated RAC 

inactivation. Hence, NEDD9/DOCK3/RAC/WAVE2 axis has been demonstrated to play a big 

role in the mesenchymal movement of melanoma cells. Similarly, others have shown this axis 

to play an invasive role in head and neck squamous cell carcinoma [296]. In this study, the 

authors have defined a novel role for TWIST protein, a regulator of EMT, in regulating DOCK3 

and NEDD9 expression levels to promote a RAC-dependent mesenchymal migration. TWIST 

cooperates with BMI1, a polycomb group family member, to repress the expression of miRNA 

Let7i, to upregulate DOCK3 and NEDD9 expression levels and increase active RAC levels.   

DOCK4, the other family member in DOCK-B subfamily, also plays a role in cancer 

cell migration. In complex with ELMO and SHY3YL proteins, DOCK4 induces RAC activation 

at the membrane sites where RHOG is activated to induce cortactin-rich protrusions [297-299]. 

In invasive breast cancer cells, EPHEXIN4 activates RHOG to recruit ELMO2/DOCK4 at the 

membrane to complex with EPHA2 and induce DOCK4-mediated RAC activation. Since 

EPHA2 is highly expressed in invasive breast cancers, we suggest DOCK4, therefore, can 

contribute to the invasiveness of EPHA2 overexpressing cancer cells.  
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1.3.2 Conclusion 

As a summary, RHO GTPases are major players of actin cytoskeleton dynamics and 

their regulation is a necessary process in order to have a normal cell movement. GEFs, such as 

the atypical DOCK family of proteins, and their binding partners ELMO, are promoters of cell 

migration by inducing RHO GTPase activation. In fact, their de-regulation can lead to abnormal 

cell migration, which may facilitate the cancer cell dissemination process during metastasis. 

Hence the tight regulation of these proteins is of significant importance to maintaining normal 

cell migration and prevent cancer cell invasion. As mentioned earlier, DOCK proteins play a 

significant role in mediating cancer invasiveness. In specific, high expression of DOCK1 

proteins has been shown to correlate with metastasis in breast cancer. Extensive studies have 

also shown the phospho-modulation of DOCK proteins downstream of RTKs and surface 

receptors promotes RAC activation and cancer cell movement. Since ELMO is a binding partner 

of DOCK proteins and can potentiate DOCK-mediated RAC activation levels, it is important to 

understand further how these proteins are regulated downstream of RTKs and whether they are 

post-translationally modified to enhance DOCK GEF activity in cancer cells.  
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1.4 Cancer Cell Migration and Invasion 

 

 

 

 

 

 

 

 

 

 

 

 



 

78 

Cell migration is a process that is critical for proper development and function of 

multicellular organisms. Many pathological conditions such as cancer, use the cell migration 

process for its tumor cells to invade and become a life-threatening disease. Cell migration is a 

multistep process that involves the activation of signaling pathways that control the dynamics 

of cytoskeleton and loss of cell-cell junctions in tumor cells [293, 300-303]. Tumor cells then 

acquire a migratory behavior to invade adjacent tissue or engage with blood and lymph vessels, 

penetrate through basement membranes and endothelial walls to disseminate into their lumen to 

colonize at distant organs [304, 305]. In fact, the interaction between the cancer cell and the 

extracellular matrix dictates the mechanism in which the cell will take to facilitate its migration 

and invasion process. The cells capacity to migrate is influenced by biological cues such as 

growth factors, and the underlying substrate on which they move, which would lead to the 

activation of diverse signaling pathways that mediate its movement [306]. Many mechanisms 

of cell movement have been identified in the past decades which include regulation of actin 

cytoskeleton and cell adhesion [302, 303]. Cancer cells can either migrate individually when 

cell-cell junctions are absent or collectively as a group when cell-cell junctions are retained 

[307]. For both mechanisms of migration, cells follow the paradigm of active cell migration, 

which involves multi molecular events that change the cell shape, its position and the tissue 

environment through which it migrates [301, 308-311] (Figure 1.4.1). Firstly, the cytoskeleton 

polarizes and forms the leading protrusion at the front edge of the cell towards its migratory 

track [312, 313]. The leading-edge protrusion then communicates with the extracellular matrix 

to recruit cell surface receptors to form focalized adhesion clusters which will couple the 

extracellular matrix to the interior of the cell to generate force to move [314]. Simultaneously, 

local proteolysis of the extracellular matrix takes place to modify the tissue and provide some 

space for the cell to maneuver [309]. Subsequently, RHO GTPases induce actin contractility 

inside the cell leading to the turnover of the adhesion complexes at the trailing end of the cell.  
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Figure 1.4.1 Cell movement mechanism  

A) Upon a migration stimulus, epithelial cells retaining their cell-cell and cell-basement membrane adherence, go through a 

change in cell shape and position in order to invade their surrounding environment. B) The cell protrudes towards the migratory 

track and forms a cell protrusion or the leading edge. Once formed, the migratory cell can form new adhesion sites that can 

allow it to adhere to the ECM and move forward. Simultaneously, focalized proteolysis takes place where cell degrades the 

ECM in order to make space to maneuver. Actin contractility will then take place in order to generate the force inside the cell 

which allows the cell to move forward and lead to the turnover of the adhesion complexes at the back of the cell, also named 

the trailing edge.   
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1.4.1 Cell Polarization and Protrusions  

Cell polarity is a fundamental event that plays a role in eukaryotic cells in shaping tissues 

during development, intracellular transport, cell division, differentiation and directed cell 

migration [315]. Regularly, the polarization of the cell occurs when a polarization cue dictates 

an asymmetric recruitment and activation of adhesion complexes, cytoskeleton structures and 

traction forces inside the cell which leads to the translation of a functional asymmetry [316]. 

This ultimately induces the polarized signals that result in the generation of a protrusion and 

acquiring a leading and a trailing edge or a front-rear polarity axis. Leading-trailing edge cell 

polarity does not only occur in singly migrating cells but also in collective migrating cells during 

morphogenesis, wound healing and tissue renewal in adult life and is involved in cancer 

spreading [315]. A leading edge is formed when the cytoskeleton assembles to push the 

membrane forward to expand and produce a protrusion [317]. This process of cell polarity 

requires a particular organization and orientation of the cytoskeleton and adhesive structures 

[315]. The actin cytoskeleton rearrangements at the leading edge of the cell determine the 

overall shape of the cell and can give rise to the formation of different membrane protrusions 

mentioned in Table 1.III.  



 

 

Table 1. III Various types of protrusions formed by the cell upon cell movement 

Type of Structure Description Proteins involved Purpose 

Lamellipodia [318, 

319] 

Broad, flat, sheet-like membrane extensions at 

the leading edge 

- RAC1 [320]/RHOG [321], COFILIN 

[322]/FORMIN [323]  

- CORTACIN [324], ARP2/3 [325, 326] 

- VASP/WAVE [326] 

Drivers of migration, determines the direction 

of movement and requires the attachment to 

the ECM 

Filopodia [327] 
Thin, cylindrical, needle-like membrane 

projections at the leading edge 

- FASCIN [328], CDC42 [329]/RHOF 

[330] 

- ENA/VASP [331, 332], IRSp53 [329] 

- MYOSIN X [333], mDIA2 [334], 

PROFILIN, ARP2/3 [335] 

Carry an exploratory function enabling the 

cell to probe its local environment 

Invadopodia [336-

338] 
Finger-like ventral membrane protrusions  

- MT1-MPP [339], VIMENTIN [340] 

- ARP2/3 [337], WASP/WAVE [337] 

- CDC42 [341], mDIA [342], CIP4 

[343], FASCIN [328] 

Matrix degrading structures involved in ECM 

proteolysis 

Pseudopodia [344] 
Cylindrical finger-like protrusions that protrude 

and retract at the leading edge  

- ARP2/3, WAVE [345] 

- EPS8, CORTACTIN [158] 

- LIM kinase, IQGAP1 [346], FASCIN 

[347],  

The first event formed after cell polarization 

before ECM recognition 

Blebs [348] 

Curves in membrane induced by the local 

weakening of the plasma membrane/cortical 

actin interactions 

- DAPK [349], ROCK [350], RHOA 

[351] 

- FORMIN/PROFILIN [352], MYOSIN 

II [350] 

Allows cytoplasmic flow, when the plasma 

membrane is detached to push the membrane 

outwards, does not adhere to ECM 

 

 

 



 

 

1.4.2 Focal Adhesions 

Following the formation of a polarized protrusion, the leading edge of the cell attaches 

to the substratum in the extracellular matrix to generate adhesion or attachment sites. These 

adhesion sites are known for two properties: to transmit a signal from the cell cytoskeleton to 

the ECM and to dynamically respond to tension stress generated by mechanical forces in the 

interior and exterior of the cell [353].  They are predominantly formed by adhesion receptors 

called integrins, which are coupled with cytoskeletal and signaling proteins, and act as sensors 

of the ECM environment [316, 354-356]. Integrins are expressed on the cell surface and exist 

as heterodimers comprising of α and β subunits. Both subunits are type I transmembrane 

proteins consisting of a large extracellular domain that interacts with the ECM and a cytoplasmic 

tail that interacts with intracellular proteins.  Once the cell attaches to ECM, integrins cluster at 

the cell surface and recruit scaffolds/adaptors and signaling proteins to the inner side of the 

plasma membrane where they form a structure named Focal Adhesion (FA) [357-359] (Figure 

1.4.3). The proteins found in the FAs such as TALIN, VINCULIN, α-ACTININ, and KINDLIN, 

provide a strong linkage to the actin cytoskeleton, hence firming the cell-ECM connection [360-

362]. Among these FA proteins, TALIN is a key regulator or the rate-limiting step of the FA 

assembly process where it links Integrins to the actin filaments [363-365]. Subsequent steps 

include the recruitment of VINCULIN protein which triggers the clustering of the integrins and 

strengthens the actin-integrin link [360, 365, 366]. This initial structure formed is named a 

nascent FA, some of which grow and form mature FAs, which are more stable [316]. Since 

integrins lack enzymatic activity, many signaling proteins such as kinases and phosphatases are 

recruited to the FA sites to transmit ECM derived signals, which will induce the activation of 

RHO GTPases mediated pathways to result in actin cytoskeleton rearrangements and generation 

of a mechanical force [316]. In turn, the formation of the integrin-mediated cell adhesion 

structures leads to a global change of the cell shape and motility. For the cell to migrate 

efficiently, cells must also detach from the ECM and disassemble the FA structures to migrate. 

At the leading edge of the cell in a directional movement, FAs are formed underneath the 

lamellipodia to generate a force inside the cell to move the cell body forward [367]. 

Subsequently, FAs at the leading and trailing end of the cell must disassemble to accompany 
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the formation of new protrusions and to release the cell from the ECM attachment, respectively 

[367, 368] (Figure 1.4.4). Therefore, the continuous formation and turnover of these FAs 

structures is crucial for the cells to adhere to ECM and move in a directional manner, and must 

be a tightly regulated process, that is driven by the balance of actin polymerization and 

actomyosin contraction [302].  

 

 

 

Figure 1.4.3 Focal Adhesion Structure 

Inspired by Nicholas O.Deakin and Christopher E. Turner in J Cell Sci 2008 [369] 

The focal adhesion is a structure that provides the cell with a link between the ECM and the actin cytoskeleton inside the cell. 

It also serves as a signaling hub for the cell to facilitate cell movement. The cell adheres to the ECM by its transmembrane 

integrin heterodimers, which leads to their activation and recruitment of the many intracellular proteins to the plasma membrane. 

Depicted above are some of the proteins found at focal adhesion sites that may play a structural or regulatory role.  
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Figure 1.4.4 Focal adhesions turnover in a directed cell migration 

In a migrating cell, focal adhesion turnover is necessary for the cell to make new attachments (focal adhesion assembly) on the 

cell-substratum at the front leading edge of the cell and release the adhesions (focal adhesion disassembly) at the rear end of the 

cell. The branched actin bundles that are formed to support the front leading edge are stabilized by the formations of nascent 

focal adhesions that are known to rapidly disassemble. Once a focal adhesion is linked to a stress fiber, it becomes stable and is 

termed a “growing focal adhesion”. Once grown and become named “mature focal adhesions”, their link with the actin stress 

fibers allows them to generate a force that will allow the cell to move forward. In contrast to the front leading edge of the cell, 

the rear end of the cell goes through a disassembly of the focal adhesions to detach the cell from the substratum and allow the 

release of the cell from substrate attachment.  
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1.4.2.1 Regulation 

Focal adhesions are transient structures that can either form and develop into mature FAs 

or disassemble and disappear. The molecular nature of this transient mechanism involves 

different protein compositions and phosphorylation dynamics. RHO GTPases have been shown 

to play a major role in regulating adhesion dynamics, not only by controlling actin-mediated 

protrusions but also by inducing MYOSIN II-mediated contraction [173, 177, 370, 371]. RAC 

and CDC42 activation induce protrusions by activating WASP and WAVE complexes to induce 

actin polymerization by ARP2/3 complex [159, 372]. On the other hand, the maturation or 

formation of FAs is regulated by RHOA activation and it's kinase ROCK that activates 

MYOSIN II by inactivating MYOSIN II phosphatase, MYPT1 [302]. The actin stress fibers 

formed by MYOSIN II activation stabilize FAs by linking the stress fibers to the clustered 

integrins at the cell surface and by inducing actin bundling [373, 374]. In fact, the MYOSIN-

mediated tension in the cell leads to a conformational change of proteins in the FAs [353, 374]. 

For example, recruitment of VINCULIN to TALIN is driven by changes in tension, where 

VINCULIN binding sites on TALIN are exposed upon tension generation [375]. In contrast to 

actin stress fibers, microtubule binding to FAs regulates their turnover by inducing the 

internalization and recycling of the integrins by an endocytosis protein named DYNAMIN 

which has been shown to be recruited to FAs by a kinase named Focal Adhesion Kinase (FAK) 

or Protein Kinase 2 (PTK2) [376, 377]. Many other proteins such as scaffolds/adaptors, kinases, 

phosphatases, GEFs and GAPs have been shown to play a role in the regulation of FA 

maturation and turnover and are summarized in Table 1. IV.  

 

 



 

 

Table 1. IV Major players involved in the regulation of Focal Adhesion dynamics 

Name of protein Type of protein Function 
Role in FA: Maturation 

or Turnover 

PIX proteins RHO GEF 
Binding partners of PAK, contain a DBL homology domain and is a GEF for 

RAC and CDC42 [378-381] 
Turnover 

p190RHOGEF RHO GEF 
Binds to FAK, becomes activated upon cellular interaction with ECM, activates 

RHOA and increases stress fiber formation [382] 
Maturation 

DOCK180 RHO GEF 

Following integrin activation, forms a complex with CAS proteins and CRK to 

promote membrane ruffling and protrusion. It only activates RAC and not 

CDC42 or RHOA [257, 383] 

Turnover 

p190RHOGAP RHO GAP 
Used by RAC to inhibit RHOA and reduce tension at the front end of the cell to 

promote protrusion [384] 
Turnover 

ARHGAP22 RHO GAP Activated by RHOA to inhibit RAC to stimulate mechanical tension [295] Maturation 

GIT Scaffold/adaptor 
The binding partner of PIX proteins and links PIX proteins to focal adhesion 

molecules by binding to PAXILLIN [378, 381, 385] 
Turnover 

BCAR1, NEDD9 Scaffold/adaptor 
Binds to FAK and when phosphorylated recruits CRK and other adhesion-

associated proteins [386, 387] 
Turnover, Maturation 

CRK Scaffold/adaptor 
SH2- and SH3-containing protein that interacts with CAS proteins to recruit 

additional adhesion proteins [369, 386, 388, 389] 
Turnover, Maturation 

PAXILLIN Scaffold/adaptor 
Adhesion molecule is known to be phosphorylated by SRC kinase to go through 

a conformational change and recruit other adhesion molecules [390-392] 
Turnover, Maturation 

PEAK1 Adaptor/pseudokinase 

Scaffold molecule is known to be associated with the actin cytoskeleton and 

focal adhesions. Known to be phosphorylated by SRC to induce migration and 

FA turnover [393] 

Turnover, Maturation 

FAK Kinase 

Bind, phosphorylate and activate GEFs and GAPs. Its activation upon adhesion 

leads to the recruitment of SRC kinase to mediate phosphorylation of itself, 

PAXILLIN and CAS proteins [394-396] 

Turnover, Maturation 

ILK Kinase 
Forms a ternary complex with PINCH and PARVIN to link focal adhesions 

(integrins) to cytoskeleton [397] 
Maturation 

SRC, FYN, ABL Kinase 
Phosphorylates adhesion proteins such as FAK, PAXILLIN, VINCULIN, CAS 

to mediate the recruitment of other FA proteins [398-400] 
Turnover 

PTP-PEST Phosphatase 
Dephosphorylates FAK at Tyr397 upon activation by RAS-induced signal [401-

403] 
Turnover 

SHP2, SHP1 Phosphatase 

Dephosphorylates FAK at Tyr397 upon GAB2 binding on its N-terminus to 

release its intramolecular inhibition of the phosphatase activity [400, 401, 404-

406] 

Turnover 

PTP-1B Phosphatase 
Dephosphorylates FAK at Tyr397, SRC at Tyr527 and α-ACTININ at Tyr12 

[401, 407, 408] 
Turnover 

 



 

 

1.4.3 Conclusion 

Overall, the cell movement mechanism is a complex process that comprises several steps 

where each plays a significant role in order for the cell to move forward. In cancer, cell migration 

and invasion are the rate-limiting steps of the metastatic cascade explained previously. To 

understand and investigate how they are regulated is of a great importance in order to prevent 

the process of cancer cell dissemination and subsequent metastasis. In a mesenchymal cancer 

cell, which is highly motile and invasive, many signaling pathways including kinases and 

phosphatases are known to induce this invasive phenotype. However, the exact mechanism of 

how the cell becomes polarized and what leads the FAs to mature or turnover holds great interest 

for investigation. In specific, how cell polarity and FA proteins are modulated and complex into 

structures to induce cell migration and invasion still remains elusive and will bring great 

knowledge in identifying key players of the process of cell invasion which can be used as a 

mean for targeted therapy in metastatic patients.  
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1.5 Research hypothesis and objectives 
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AXL has been identified clinically as a promoter of metastasis and its expression has 

been correlated with poor patient survival and drug resistance. However, the underlying 

mechanisms behinds its invasive role remain elusive. Since little is reported on AXL-specific 

signaling pathways in comparison to other oncogenic RTKs, we hypothesized that AXL engages 

AXL specific pro-invasive pathways to promote invasion and metastasis.  

Objective 1 (CHAPTER 2): 

Since upstream regulators of DOCK1, such as EGFR, PDGFR and HER2 were reported 

to play a role in DOCK1 phosphorylation, we were interested in defining upstream regulators 

of ELMO proteins, which may affect RAC activation downstream of DOCK1.  Our objective 

for this chapter was to define upstream regulators of the ELMO/DOCK180/RAC pathway. We 

identified AXL-family of proteins as RTKs proficient to phosphorylate ELMO proteins and 

hypothesized that phosphorylation of ELMO by AXL may engage the ELMO/DOCK180/RAC 

pathway and is, therefore, a strong candidate signaling event to mediate AXL-dependent cell 

migration/invasion. This chapter defines a new mechanism by which AXL promotes cell 

proliferation and invasion and identifies inhibition of the ELMO-DOCK pathway as a potential 

therapeutic target to stop AXL-induced metastases. 

Objective 2 (CHAPTER 3): 

Our objective for this chapter was to further uncover GAS6/AXL specific and direct 

substrates and pathways. Using an unbiased quantitative proteomics screen in triple negative 

breast cancer cells, we were able to identify global signaling pathways engaged by GAS6-

induced AXL activation which may define the mechanisms AXL acquires to attain a pro-

invasive role. In this chapter, we defined focal adhesions, among others, to be the most 

significant modulated pathway upon AXL activation. Indeed, using biochemical, functional and 

proteomics approaches, we defined a mechanism where AXL hijacks the 

NEDD9/CRKII/PEAK1 complex to modulate focal adhesion turnover and ultimately 

metastasis. This study allowed us to identify PEAK1, as a novel therapeutic target downstream 

of AXL signaling that may modulate the AXL invasive role.  
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CHAPTER 2 

AXL phosphorylates ELMO scaffold proteins to promote 

RAC activation and cell invasion 
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Abstract 

The receptor tyrosine kinase Axl contributes to cell migration and invasion. Expression of Axl 

correlates with metastatic progression in cancer patients yet the specific signaling events 

promoting invasion downstream of Axl are poorly defined. Herein, we report Elmo scaffolds as 

direct substrates and binding partners of Axl. Elmo proteins are established to interact with 

Dock-family guanine nucleotide exchange factors to control Rac-mediated cytoskeletal 

dynamics. Proteomics and mutagenesis studies reveal that Axl phosphorylates Elmo1/2 on a 

conserved carboxyl-terminal tyrosine residue. Upon Gas6-dependent activation of Axl, 

endogenous Elmo2 becomes phosphorylated on Tyr-713 and enters in physical complex with 

Axl in breast cancer cells. Interfering with Elmo2 expression prevented Gas6-induced Rac1 

activation in breast cancer cells. Similarly to blocking Axl, Elmo2 knockdown or 

pharmacological inhibition of Dock1 abolishes breast cancer cell invasion. Interestingly, Axl or 

Elmo2 knockdown diminishes breast cancer cell proliferation. Rescue of Elmo2 knockdown 

cells with the wild-type protein, but not with Elmo2 harboring Tyr-713-Phe mutations, restores 

cell invasion and cell proliferation. These results define a new mechanism by which Axl 

promotes cell proliferation and invasion, and identifies inhibition of the Elmo-Dock pathway as 

a potential therapeutic target to stop Axl-induced metastases. 

 

Keywords: Axl/ Elmo / Rac / cell migration / phosphorylation / cell proliferation 
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Introduction 

 

Tyro3, Axl and Mer (TAMs) belong to a family of receptor tyrosine kinases  (RTKs) 

characterized by an extracellular part formed by two Immunoglobulin-like domains and two 

Fibronectin Type III domains followed by a transmembrane region and an intracellular tyrosine 

kinase module [23, 409]. Like the majority of RTKs, TAMs are activated by ligands which 

include the vitamin K-dependent coagulation factor-like Growth Arrest Specific 6 (Gas6) and 

Protein S in addition to unconventionally secreted Tubby/Tubby-like proteins [31, 410-412]. 

While these ligands activate TAMs in a canonical manner when presented in free forms, they 

also bridge phosphatidylserine (PS) exposed on the outer surface of apoptotic cells such that 

TAMs on phagocytes promote prompt clearance of dying cells [413-416]. TAMs are also 

activated in a ligand-independent manner either by overexpression or transphosphorylation by 

other RTKs [54, 417, 418]. A number of signaling pathways are activated following engagement 

of TAMs including Phosphatidylinositol (PI) 3-kinase/Akt, Ras/Mapk, Stat3 and Rac [419]. 

Together, these pathways are thought to integrate Axl-induced proliferation, survival, 

cytoskeletal remodeling and cell migration responses depending on the biological context [419]. 

Moreover, the normal biological functions of TAMs are complex. Individual inactivation of 

TAMs in mice does not impair development and a panel of mild defects is observed in adult 

animals [120, 123, 420]. The most striking defect among them is blindness in Mer mutant 

animals arising from abnormal clearance of photoreceptor outer segments by retinal pigment 

epithelial cells [421]. Studies of triple mutant animals lacking TAMs also revealed their role in 

limiting macrophage response and this has important consequences such as the development of 

autoimmune diseases [123, 420].  

Among TAMs, Axl is highly expressed in various invasive cancers [422]. High 

expression of Axl in breast tumors associates with metastasis and poor patients’ outcome [86]. 

Notably, expression levels of Axl correlate with an invasion potential of breast cancer cell lines 

[86], where silencing its expression, or blocking its activity through a pharmacological inhibitor 

or blocking antibodies, impairs breast cancer cell invasion [86, 118, 423, 424]. In addition, in 

vivo experiments suggest that downregulation of Axl in human breast cancer cells drastically 



 

95 

blocks metastasis without considerably affecting tumor growth [86, 119]. Within basal/triple-

negative human breast cancer cell lines, Axl signaling promotes the expression of an epithelial 

to mesenchymal gene signature including the upregulation of Slug, Snail and Vimentin and the 

downregulation of E-cadherin that are important for ensuring a stem cell and invasive phenotype 

[86, 90]. Notably, the signaling pathways engaged by Axl to promote such aggressive migration 

and invasive behaviors remain to be fully defined as it may uncover new targets for anti-

metastatic treatments. 

 

Evolutionarily conserved Dock-family guanine nucleotide exchange factors (GEFs) 

activate Rac or Cdc42 GTPases through a unique Dock Homology Region 2 domain to promote 

cytoskeletal rearrangements [278, 425, 426]. Elmo1-3 are auto-regulated scaffold proteins that 

interact with Dock1-5 to spatiotemporally organize Rac signaling [275, 276, 282, 298]. In vivo, 

in mice, Dock1 and Elmo1 promote migration, engulfment of apoptotic cells and myoblast 

fusion during development and adult life (reviewed in [222]). High expression of Dock1 in 

breast cancer tumors correlates with a poor probability of survival for HER2+ or Basal-like 

breast cancer patients [288]. Deletion of Dock1 in mouse mammary gland protects mice from 

developing lung metastasis in a model of HER2 breast cancer [288]. In addition, activation of 

Dock1 by the PDGF Receptor or the EGFRvIII Receptor promotes cancer cells dissemination 

in distinct subclasses of gliomas and correlate with poor patient survival [285, 286, 427]. 

Likewise, interfering with Dock1 or Elmo expression in human breast cancer cell lines impairs 

invasion [290, 291]. These results point to Dock1 and Elmo as potentially important proteins to 

promote Rac1-dependent cell migration and invasion during metastasis. 

  

Here, we present evidence that Axl orchestrates breast cancer cell invasion by 

phosphorylating Elmo proteins.  Our results demonstrate that Elmo2 is required for Axl-induced 

Rac activation. We identify Tyr 713 on Elmo2, homologous to Tyr 720 in Elmo1, as the 

phosphorylation site by Axl kinase and their mutation abolishes cell invasion and proliferation. 

Collectively, our efforts uncover a long sought after a signaling pathway operating downstream 

of Axl to promote cell invasion and proliferation. 
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Results 

 

A kinase screen uncovers Elmo proteins as direct substrates of Tyro3, Axl and Mer 

receptor tyrosine kinases (TAMs). 

Dock1 is activated by phosphorylation to promote cell migration and invasion [285, 286, 

288, 427]. Previously, we reported that mRNA expression levels of Dock1 correlate with poor 

patient outcome in HER+ and basal/triple-negative breast cancer subtypes [288]. Because Elmo 

proteins are bound to Dock1 and regulate Rac signaling [274], we aimed to identify novel 

regulators of the Elmo/Dock1 complex by carrying out a screen designed to uncover kinases 

that could phosphorylate Elmo1. To this end, a panel of 180 GST-tagged human kinases, 

composed of representative members of each kinase subfamilies, was expressed in HEK293T 

cells as previously reported [428] (see Table 2. SI for a full list of kinases). Following cell lysis, 

each GST-kinase was recovered in a glutathione-coated well as depicted in Figure 2.1A. To 

carry out in vitro kinase (IVK) assays, immobilized kinases were mixed with recombinant 

purified Elmo1, Myelin Basic Protein (MBP) and [γ-32P] ATP (Figure 2.1A). Seven putative 

candidate kinases that phosphorylate Elmo1 were identified including five Ser/Thr kinases 

(Pftaire1, Camkk2, Dclk1, Prpf4b, and Ttbk2) and two tyrosine kinases (Blk and Tyro3) (see 

Table 2. SII). A secondary screen on selected candidates revealed that GST-tagged Camkk2 

and Pftaire1 cannot phosphorylate Elmo1; instead, they co-migrated with recombinant Elmo1 

and their auto-phosphorylation led us to conclude that they were false positives (not shown). 

Although we have not re-tested Blk’s ability to phosphorylate Elmo1, another Src family kinase, 

Hck, has been reported to do that efficiently [284]. Instead, we chose to further study Elmo1 

phosphorylation by the RTKs of the TAM family (including Tyro3, Axl and Mer) due to their 

involvement in biological processes similarly controlled by Elmo/Dock1 including cell 

migration, cell invasion, and phagocytosis of apoptotic cells [23, 429]. 

  

Since Axl and Mer were not part of the initial screen, we extended our analyses to test 

if, as seen for Tyro3, they could phosphorylate Elmo proteins indicating this as a conserved 

feature of TAMs. We conducted IVK assays using purified recombinant kinase domains of 
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Tyro3, Axl and Mer to test their ability to directly phosphorylate Elmo1-3 proteins. We found 

that all three TAMs preferentially phosphorylate Elmo1 and Elmo2, yet phosphorylation of 

Elmo2 seems to be less than that of Elmo1 (Figure 2.1B). We also found that full-length TAMs, 

but not kinase-dead mutants, also phosphorylate recombinant Elmo1 in vitro (Figure 2. S1A). 

To confirm these results in cells, we co-expressed TAMs with Myc-Elmo1 and examined the 

phosphorylation status of immunoprecipitated Myc-Elmo1 using an anti-phosphotyrosine 

antibody. In a cellular context, we similarly found that TAMs, but not their kinase-dead mutants, 

promote tyrosine phosphorylation of Myc-Elmo1 (Figure 2.1C and Figure 2. S1B-C). 

Collectively, these results establish Elmo1 and Elmo2 as previously unidentified direct 

substrates of TAMs and raise the question as to whether TAMs could exploit the Elmo/Dock1 

complex to promote migration and invasion.  
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Figure 2.1 The TAM receptors phosphorylate Elmo proteins 

(A) Schematic overview of the kinase screen. Elmo1 is the substrate of interest and MBP1 is used as a positive control. (B) 

Elmo is phosphorylated in vitro by the TAMs. An in vitro kinase assay was performed where 2μg of GST-Elmo proteins were 

incubated with 0.05μg of the kinase domains of Tyro3, Axl and Mer and γ32-ATP. The expression of the proteins was analyzed 

by Coomassie staining and the phosphorylation by autoradiography. (C) Elmo1 phosphorylation in cells is dependent on Axl 

catalytic activity. Lysates of HEK293T cells transfected with the indicated plasmids were immunoprecipitated with an antibody 

against the Myc-epitope (Elmo1) and with an antibody against Axl. The phosphorylation and expression levels of Elmo1 and 

Axl were analyzed via immunoblotting with anti-Myc (Elmo1) and anti-Axl antibodies, respectively.  
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TAMs phosphorylate two tyrosine residues on Elmo1/2 

To gain mechanistic insights on the effect of tyrosine phosphorylation of Elmo proteins, 

a proteomics approach was used to map the tyrosine residues of Elmo1 targeted by TAMs. First, 

in vitro phosphorylated Elmo1 was obtained by mixing bacterially produced and purified Elmo1 

with Tyro3 immunoprecipitated from HEK293T lysates and cold ATP (as done in Figure 2.  

S1A). Second, a cellular phosphorylated Myc-Elmo1 was generated by co-expression with 

Tyro3 and immunoprecipitation with an anti-Myc antibody (as done in Figure 2. S1B). Both 

phosphorylated Elmo1 samples were subjected to proteomics analysis and 9 phosphorylated 

tyrosine sites were identified (18, 48, 216, 352, 395, 511, 576, 588, 720) (Figure2.2A). We also 

included in our analysis Tyr 724 of Elmo1 as a residue potentially phosphorylated by TAMs as 

we could not rule it out from the mass spectrometry spectrum that identified Tyr 720. We 

generated single Tyr to Phe mutants of Elmo1 for each site identified by proteomics and 

narrowed our focus on Tyr 720 as the major site targeted by Axl by performing IVK assays 

(Figure 2.2B). The residual phosphorylation on Elmo1 Tyr 720 mutant was attributable to Tyr 

724 as the double mutant 720/724 failed to become phosphorylated upon incubation with Axl 

(Figure 2.2B). In contrast, mutation of Tyr 352 did not affect the residual phosphorylation signal 

observed for the Tyr 720 mutant (Figure 2.2B). Tyr 720 is highly conserved between Elmo1 

and Elmo2 but not Elmo3 proteins (Figure 2. S1D), explaining the differential phosphorylation 

of Elmo family proteins by TAMs observed in Figure 2.1B. Together, these results demonstrate 

that TAMs specifically phosphorylate Elmo1 on Tyr 720/724. 
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Figure 2.2 Elmo1 is phosphorylated on Tyrosine 720 and 724 by TAM receptors 

(A) Elmo1 phosphorylation sites identified by mass spectrometry by the Tyro3 kinase. Lysates of HEK293T cells were 

transfected with c-Myc Elmo1 and were either subjected to an in vitro kinase assay with GST-Tyro3 or co-transfected with 

GST-Tyro3 and subjected to immunoprecipitation of c-Myc Elmo1. Phosphorylated sites on Elmo1 by Tyro3 were identified 

by mass spectrometry. Sites depicted in red were identified by both experiments whereas the sites depicted in black were only 

identified in the c-Myc Elmo1 immunoprecipitation. RBD: Ras-binding domain, EID: Elmo Inhibitory Domain, ELM: Elmo 

domain, PH: atypical Pleckstrin Homology domain, EAD: Elmo Autoregulatory Domain, PxxP: proline-rich region. (B) Elmo1 

is phosphorylated on Tyrosine 720 and 724. An in vitro kinase assay was performed where 3μg of GST-Elmo1 protein or Y-F 

mutants were incubated with 0.025μg of the Axl kinase domain and γ32-ATP. The expression of the proteins was analyzed by 

Coomassie staining and the phosphorylation by autoradiography 
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Axl interacts with and phosphorylates Elmo proteins  

We investigated whether Elmo recognition by Axl could involve the formation of a 

physical RTK-substrate complex. In cells co-expressing Axl and Myc-Elmo1, we found that 

Myc-Elmo1 specifically co-immunoprecipitated with Axl (Figure 2.3A). However, the binding 

of Myc-Elmo1 to Axl was lost when kinase-dead Axl was immunoprecipitated. We raised a 

phospho-specific antibody against Tyr 720 of Elmo1 (Tyr 713 in Elmo2) to monitor the 

phosphorylation of this site in cells (see Figure 2. S2 for antibody characterization). As shown 

in Figure 2.3A, co-expression of Axl with Myc-Elmo1 promoted the phosphorylation of Tyr 

720 and this increase was not observable with kinase-dead Axl. To further validate the 

interaction between Elmo and Axl, we performed in vitro binding assays using GST Elmo1 

fusion proteins and found that full-length Elmo1 and the N-terminus of Elmo1 (aa 1-495), but 

not the C-terminus of Elmo1 (aa 532-727), were able to bind to Axl (Figure 2.3B). We also 

tested if Elmo2 was a binding partner of Axl and found that it co-immunoprecipitated with Axl, 

but not the kinase-dead mutant, when the two proteins were co-expressed in HEK293T cells 

(Figure 2.3C). In addition, by monitoring Elmo2 phosphorylation on Tyr 713 (Tyr 720 in 

Elmo1; see Figure 2. S1D) with our phospho-specific antibody, we similarly found that Axl, 

but not the kinase-dead mutant, promoted phosphorylation of this site (Figure 2.3C). We next 

used a pharmacological inhibitor against Axl R428 [423] to investigate whether inhibiting the 

kinase activity would be sufficient to abrogate Elmo2 phosphorylation and binding to Axl. 

Treatment of HEK293T cells expressing Axl and Myc-Elmo2 with R428 prevented Elmo2 

phosphorylation on Tyr 713, but surprisingly, did not inhibit the interaction of Axl to Elmo2 

(Figure 2.3D).  

 

In an effort to understand if adaptor proteins could facilitate Elmo2 coupling to Axl, we 

mutated Tyr in Axl (779, 821 and 866), known to be involved in binding the SH2 adaptor 

proteins Grb2 and PI 3-kinase [47, 430], to Phe and found that this did not abrogate Axl-Elmo2 

association (Figure 2. S3). From these results, it is still unclear how Elmo2 is recruited to Axl 

receptor and remains to be investigated. 
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Moreover, we found that Elmo2 is the only Elmo family member expressed in MDA-

MB-231 and Hs578T basal breast cancer cell lines ([277];  Figure 2. S4A). We also observed 

that Hs578T cells only expressed Axl whereas MDA-MB-231 expressed both Axl and Mer 

(Figure 2. S4B). Tyro3 was not expressed in either cell lines. Using these basal breast cancer 

cell line models, we next investigated if endogenous Axl can phosphorylate and bind Elmo2. 

To this end, we treated serum starved MDA-MB-231 cells with recombinant Gas6 to activate 

Axl. As expected, immunoprecipitation of Axl revealed that it becomes globally phosphorylated 

on Tyr residues following 5 and 30 min treatments with Gas6 suggesting that the RTK is 

activated (Figure 2.3E). An increase in Akt phosphorylation, a known target of Axl, confirmed 

the activation of downstream signaling following Gas6 treatments (Figure 2.3E and Figure 2. 

S4C). We also found that endogenous Elmo2 in MDA-MB-231 and Hs578T cells co-

precipitated minimally with Axl at basal state and this interaction is enhanced transiently at 5 

min after Gas6 treatment (Figure 2.3E). Blotting of total cell lysates with Elmo2 pTyr 713 

phospho-specific antibody revealed an increase in Elmo2 phosphorylation at this site after 5 and 

30 min of Gas6 treatments (Figure 2.3E). We found that Axl is the major kinase promoting 

Gas6 signaling since siRNA-mediated knockdown of Axl completely prevented Akt 

phosphorylation after stimulation with Gas6 (Figure 2. S4C). Identical results were observed 

in MDA-MB-231 cells. Collectively, these data demonstrate that Axl phosphorylates and 

interacts with Elmo2 in invasive breast cancer cells. 
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Figure 2.3 Elmo Modulation by Axl is dependent on Axl’s catalytic activity 

(A, C) Axl wild-type and not kinase-dead interacts with and phosphorylates Elmo1 (A) and Elmo2 (C). Lysates of HEK293T 

cells transfected with the indicated plasmids were co-immunoprecipitated with an antibody against Axl. The co-precipitation 

and expression levels of the Axl proteins and Elmo1 (A) or Elmo2 (C) were analyzed via immunoblotting with anti-Myc (Elmo) 

and anti-Axl antibodies. (B) The interaction between Elmo1 and Axl is mediated by the N-terminus of Elmo1. Lysates from 

transfected HEK293T cells with Axl were incubated with 3 μg of GST-Elmo1 full-length protein or fragments. The binding of 

Axl to Elmo1 fragments and the expression levels were analyzed via immunoblotting with the anti-Axl antibody. (D) Inhibition 

of Axl activity with R428 abolishes Elmo2 phosphorylation by Axl. Transfected HEK293T cells with the indicated plasmids 

were serum starved prior to treatment with either DMSO or 1μM of the Axl inhibitor R428 for 1h. Lysates were co-

immunoprecipitated with an antibody against Axl. The co-precipitation and expression levels of the Axl proteins and Elmo2 

was analyzed via immunoblotting with anti-Myc (Elmo2) and anti-Axl antibodies, respectively. Protein expression and Elmo2 

phosphorylation were analyzed by immunoblotting with anti-Myc, anti-Axl, and anti-pY713 Elmo2.  (E) Axl interacts with and 

phosphorylates endogenous Elmo2 in basal breast cancer cell lines. MDA-MB-231 and Hs578T cells were treated with 

400ng/mL of Gas6, for the indicated time points, they were subjected to co-immunoprecipitation of Axl using anti-Axl antibody. 

The precipitation of Elmo2 by Axl was detected by immunoblotting with the anti-Elmo2 antibody. The protein expression levels 

were also analyzed via immunoblotting with anti-pAKT, anti-pY99, anti-Elmo2, anti-Axl, and anti-pY713 Elmo2 antibodies. 
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Elmo2 is required for Axl-induced Rac activation 

Axl promotes neuron migration by activating Rac [431]. We investigated if Elmo2 

functions as a scaffold protein to connect Axl to the Rac GEF Dock1 in breast cancer cells. 

Immunoprecipitation of Flag-Dock1 revealed the formation of a multi-protein complex with Axl 

(Figure 2. S5A). Surprisingly, and in addition to Elmo, Dock1 also appears to make its own 

contacts with Axl as this interaction was neither enhanced nor reduced by the expression of 

wild-type Myc-Elmo1 or a mutant Myc-Elmo1 (αN/PXXP) that is not able to bind Dock1 

(Figure 2. S5C). Interestingly, Dock1 might contribute to guiding Elmo for phosphorylation by 

Axl since the phosphorylation of the Elmo1 mutant (αN/PXXP), which is not interacting with 

Dock1, is decreased (Figure 2. S5C). We also found that mutating Tyr 713 to Phe in Elmo2 did 

not impact the formation of an Elmo2/Dock1 complex (Figure 2. S5A). This was also observed 

when Elmo1 was co-expressed, where wild-type and the mutant of Elmo1 on Tyr 720 or Tyr 

720/724 bound similarly to Axl and Dock1 (Figure 2. S5B). Because Rac is a key molecule in 

promoting cell migration, we, therefore, investigated the possibility that Axl might employ the 

Elmo-Dock1 complex to promote Rac activation in invasive breast cancer cells. To test this, 

serum starved Hs578T cells were stimulated with Gas6 and Rac GTP-loading was monitored 

by affinity precipitation with a GST PAK-PBD fusion protein. Treatment of Hs578T cells with 

Gas6 induced Rac activation that peaked at 10 min (Figure 2.4A). To confirm that Gas6 

mediates Rac activation in these conditions through Axl, we found that treatment of Hs578T 

cells with R428 prevented Rac activation (Figure 2.4B). In addition, interfering with Elmo2 

expression by siRNA or with Dock1 GEF activity with the small molecule inhibitor CPYPP 

[432], prevented Gas6-induced Rac activation (Figure 2.4A-C). It is noteworthy that depletion 

of Elmo2 by siRNA in MDA-MB-231 led to a partial decrease in expression of Dock1, and the 

closely related member Dock5 and this could explain at least in part the decrease in Rac 

activation observed following Gas6 treatment in Elmo2 depleted cells (Figure 2. S6A). We 

reproducibly found that downregulation of Elmo2 and inhibition of Dock1 GEF activity 

impaired maximal activation of Akt following Gas6 treatment (Figure 2.4A-C), suggesting that 

Elmo2-Dock1-RacGTP might be involved in stimulating a PI 3-kinase.  

Axl promotes the expression of epithelial to mesenchymal transition (EMT) markers in 

invasive breast cancer cells [86]. Rac signaling is also found to contribute to the maintenance of 
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the mesenchymal and stem cell phenotype of cancer cells [296, 433]. Therefore, we investigated 

the possibility of Elmo and Dock1 (or Dock5) playing a role downstream of Axl in promoting 

a mesenchymal phenotype in MDA-MB-231 cells via Rac activation either by suppressing the 

expression of E-Cadherin or inducing the expression of mesenchymal markers. To test this, we 

inhibited Axl and Dock GEF activity using R428 and CPYPP, respectively (Figure 2. S6B). In 

addition, we blocked the expression of Axl, Elmo2, Dock1 and Dock5 using a siRNA approach 

(Figure 2. S6A). The expression of the epithelial marker E-Cadherin was rescued neither by 

blocking the expression of Axl, Dock1, Dock5, and Elmo2 nor by inhibiting their activity 

(Figure 2. S6A-B). Interestingly, the expression of the mesenchymal marker Vimentin was 

significantly reduced by the knockdown of Axl, Elmo2, and Dock1 expression, and by inhibiting 

Dock GEF activity in MDA-MB-231 cells (Figure 2. S6A-B). However, knockdown of Dock5 

and R428 treatment were not able to reduce Vimentin expression levels (Figure 2. S6A-B). 

Collectively, these results uncover the Elmo2-Dock1 complex as a key signaling module for 

Rac activation and in promoting the expression of mesenchymal markers downstream of Axl in 

invasive breast cancer cells. 
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Figure 2.4 Rac activation in Hs578T cells is Axl- and Elmo2-dependent 

(A) Elmo2 is required for Rac activation upon Gas6 stimulation. Hs578T cells transfected with 60nM NON-targeting or ON-

target smart pool Elmo2 siRNA prior to being treated with 400ng/mL of Gas6 for the indicated time points were assayed for 

Rac activation by precipitation of Rac with the purified p21-Binding domain of PAK protein kinase expressed as a GST fusion 

protein (GST-PAK-PBD) (n=6). The amount of Rac in pulldowns and in total cell lysates (TCL) was detected by 

immunoblotting with an anti-Rac antibody. Expression levels of the various proteins and equal loading of Rac in all samples 

were analyzed by immunoblotting of the TCL using anti-Rac, anti-Tubulin, anti-Elmo2, anti-pAKT, and anti-AKT. (B-C) Axl 

and Dock1 inhibition reduce Rac activation upon Gas6 stimulation. Hs578T cells were treated with 1μM R428 (B) or with 

100μM CPYPP (C) for 1hr followed by 400ng/mL Gas6 for 20min. Rac activation was assayed by precipitation with the purified 

p21-Binding domain of PAK protein kinase expressed as a GST fusion protein (GST-PAK-PBD) (n=5). The amount of Rac in 

pulldowns and in total cell lysates (TCL) was quantified by the software Image J. Expression levels of the various proteins were 

analyzed by immunoblotting of the TCL using anti-pAKT and anti-AKT. Data are shown as mean ± SD; **p < 0.0001; one-

way ANOVA 
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Phosphorylation of Elmo2 on Tyr 713 is required for cell invasion and cell proliferation 

We aimed to define if phosphorylation of Elmo2 by Axl is a required signaling event to 

promote cell invasion. We first confirmed previous observations suggesting that MDA-MB-231 

and Hs578T cells invade through Matrigel in an Axl-dependent manner [86, 423, 434]. We 

treated MDA-MB-231 cells with R428 or siRNA against Axl and found that both treatments 

blocked cell invasion (Figure 2.5A-B). We next assayed the role of Elmo2 in breast cancer cell 

invasion by a siRNA approach. Knockdown of Elmo2 robustly inhibited migration of MDA-

MB-231 cells across a Matrigel barrier (Figure 2.5C). In an effort to determine if 

phosphorylation of Elmo is important for cell invasion, we performed rescue experiments in 

Elmo2 knockdown cells with a construct encoding for either Myc-Elmo1 wild-type or a Myc-

Elmo1 Y720F mutant. We re-expressed Elmo1 since the exogenous Myc-Elmo2 was difficult 

to express in siRNA Elmo2 treated cells (the human Elmo2 SmartPool siRNA also targets the 

murine mRNA). We also previously reported that Elmo1 and Elmo2 biological functions in 

myoblast fusion are interchangeable [435]. We observed that expression of Myc-Elmo1 in 

Elmo2 knockdown cells completely restored the invasion to an extent comparable to cells 

expressing a control siRNA (Figure 2.5C). In contrast, re-expression of Myc-Elmo1 Y720F in 

Elmo2 knockdown cells failed to re-establish cell invasion despite its identical expression to the 

wild-type protein (Figure 2.5C).  

 

We next aimed to define if Elmo, i.e. Rac signaling, downstream of Axl contributes to 

the proliferation of these cells. We assayed proliferation by BrdU staining and found that 

knockdown of Axl or Elmo2 robustly inhibited the proliferation of MDA-MB-231 cells (Figure 

2.5D). To determine if Elmo phosphorylation is important for proliferation, we performed 

rescue experiments as mentioned above. We observed that expression of Myc-Elmo1 in Elmo2 

knockdown cells partially restored the proliferation of these cells (Figure 2.5E). In contrast, 

expression of Myc-Elmo1 Y720F in Elmo2 knockdown cells failed to re-establish cell 

proliferation despite its identical expression to the wild-type protein (Figure 2.5E). Globally, 

our findings demonstrate a central role for Axl-mediated phosphorylation of Elmo2 in 

promoting proliferation and invasion of basal breast cancer cells. 
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Figure 2.5 Cell invasion and proliferation of MDA-MB-231 cells is Elmo2 and Axl 

dependent 

(A-B) Axl activity or expression inhibition reduces cell invasion. Serum-starved MDA-MB-231 cells treated with 1μM R428 

(A) or transfected with 100nM NON-targeting or ON-target smart pool Axl siRNA (B) were detached and placed in the upper 

compartment of a Boyden chamber. Cells were allowed to invade through the Matrigel for 16hrs. The invasion assay was 

performed in triplicate, and data are shown as mean ± SEM; *p < 0.001; one-way ANOVA. (C) Elmo1 phosphorylation site 
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Tyr 720 is required for cell invasion in MDA-MB-231 cells. Serum-starved MDA-MB-231 cells transfected with 60nM NON-

targeting or ON-target smart pool Elmo2 siRNA and rescued 24hrs later with either 1μg GFP or 1μg Elmo1 WT or 2 μg Elmo1 

Y720F mutant, were detached and placed in the upper compartment of a Boyden chamber. Cells were allowed to invade through 

the Matrigel for 16hrs and then were fixed and stained with anti-Myc and anti-GFP. GFP and Myc positive cells that invaded 

the Matrigel to the underside of the membrane were counted from photographs taken at 20x magnification. The invasion assay 

was performed in triplicate, and data are shown as mean ± SD; **p < 0.0001; one-way ANOVA. Expression levels of the 

transfected proteins for invasion assays were analyzed by immunoblotting cell lysates with anti-Elmo2, anti-Myc, anti-GFP, 

and anti-Tubulin antibodies, as indicated. (D-E) Axl and Elmo1 phosphorylation site Tyr 720 is required for cell proliferation 

in MDA-MB-231 cells. Cells transfected with 100nM NON-targeting, 100nM ON-target smart pool Axl siRNA or 60nM ON-

target smart pool Elmo2 siRNA were detached 24hrs later and plated on fibronectin-coated glass slips. Transfected MDA-MB-

231 cells with 60nM NON-targeting or ON-target smart pool Elmo2 siRNA were rescued 24hrs later with either 1μg pcDNA3.1-

LacZ or 1μg Elmo1 WT or 2 μg Elmo1 Y720F mutant prior to being plated on fibronectin-coated glass slips (E). Cells were 

allowed to grow for 24hrs and then were stained with BrdU for 30min. The BrdU positive cells were counted and the percentage 

of BrdU positive cells versus total cells stained for DAPI were calculated in 5 different fields of each condition. Three 

experiments were performed and the percentage of BrdU positive cells was calculated for each experiment and used for the final 

quantification. For rescue experiments (E), the BrdU incorporation was expressed as a percentage of decrease relative to control 

(n=3). Values are reported as mean ± SEM.  Expression levels of the transfected proteins for proliferation assays were analyzed 

by immunoblotting cell lysates with anti-Elmo2, anti-Myc, anti-Axl, and anti-Tubulin antibodies, as indicated. 
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Discussion 

 

Axl is a potent promoter of invasion and metastasis in experimental models and its 

expression correlates with the poor outcome of breast cancer patients. Therefore, defining the 

molecular pathways by which this RTK promotes invasion is essential to interfere with 

downstream signaling. We report here a previously unrecognized molecular mechanism by 

which Axl uses Elmo scaffold proteins to signal to the Rac pathway to promote cell invasion. 

Despite the identification of many Axl interacting proteins, Elmo1 and Elmo2 may be the first 

identified bona fide direct substrates of this RTK and we show that their interaction with Axl 

and phosphorylation on carboxyl-terminal tyrosine residues is essential for invasion of basal 

breast cancer cells. Early studies exploiting an EGFR-Axl chimeric protein had identified 

unknown proteins of approximately 45 and 80 kDa that became robustly tyrosine 

phosphorylated in response to EGF stimulation [47]. Elmo proteins are approximately 80 kDa 

and may represent the proteins observed in that study. In addition, early studies in Drosophila 

demonstrated that Myoblast City, the fly orthologue of mammalian DOCK1, acts downstream 

of the receptor tyrosine kinase PDGF/VEGF Receptor to promote the Rac-dependent migration 

of border cells [436]. In our study, we present evidence that the Elmo/Dock1 complex likewise 

acts as a signaling mediator downstream of receptor tyrosine kinases of the TAM family 

receptors which are not found in C. elegans or Drosophila.  

 

Our knockdown of Elmo2, in parallel to rescue assays with Elmo1, demonstrates that 

Elmo2 is required for basal breast cancer cell invasion and proliferation. Likewise, a recent 

study demonstrated that stable knockdown of Elmo2 prevents metastasis of MDA-MB-231 cells 

to lungs in experimental tail vein assays [291]. However, we find here that rescuing Elmo2 with 

Elmo1 lacking Y720 completely prevented cell invasion. These data point to a critical role for 

this residue in transmitting signaling. Exactly how phosphorylation of Elmo2 promotes cell 

invasion is not fully understood. We previously reported that Elmo proteins are regulated by 

intramolecular interactions that prevent aberrant Rac signaling [282]. In particular, expression 

of Elmo with mutations maintaining it in an open conformation can increase migration in cells 
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and biological activity in vivo [282, 437]. Through the use of a conformational state biosensor 

for Elmo2 that we previously described [282], we failed to detect changes in Elmo2 

conformation when it enters in a complex with and is phosphorylated by, Axl (data not shown). 

Another mechanism could be that the tyrosine phosphorylated residue Y713 in Elmo2 becomes 

a docking site for other signaling molecules, but we deemed this hypothesis unlikely as 

bioinformatics analysis conflicts with these sites being strong candidates for SH2 or PTB 

domain-containing proteins. Recent studies also demonstrated that phosphorylation of Dock1 

on Serine and Tyrosine residues can increase Rac binding and GEF activity [285, 286, 288, 

427]. One hypothesis is that this phosphorylation site on Elmo can transmit signals to Dock1 

and enhance its GEF activity, such as relieving Dock1 from its auto-inhibited state, which may 

explain why we found the Elmo/Dock1 complex stable whether or not the proteins are 

phosphorylated. 

 

Moreover, guanine nucleotide exchange factors for Rho GTPases operating downstream 

of Axl have not been previously described. They have been neglected as signaling intermediates 

that are important in defining the mechanism whereby this RTK promotes metastasis. Through 

an interaction with Elmo2, or potentially through another mechanism, we report here that Axl 

can form a complex with the Rac regulator Dock1. We demonstrated, using the CPYPP small 

molecule inhibitor, that Dock1, a member of the Dock-A subfamily (Dock1, Dock2, and 

Dock5), mediates Axl-induced Rac activation. Because this inhibitor also targets hematopoietic 

cell-specific Dock2 and ubiquitous Dock5, we cannot rule out that Dock5 is also recruited to 

Axl via an interaction with Elmo2 since it is also expressed in basal breast cancer cells. 

Similarly, Dock4, which belongs to the Dock-B subfamily (Dock3, Dock4), is another broadly 

expressed Elmo-binding GEF that may contribute to Axl signaling since it has been shown 

recently to promote MDA-MB-231 cell migration through activation of Rac [297]. In the case 

of Mer TAM family member, it has been reported to recruit the classical GEF Vav1 for 

activating Rac during engulfment of damaged photoreceptors [438]. Interestingly, Mer can also 

recruit Dock1, but in this context through an interaction with the scaffolding protein p130Cas 

and the adaptor protein CrkII, to promote engulfment of apoptotic cells [414]. We did not 

investigate if CrkII can complex with tyrosine phosphorylated Axl through its SH2 domain; if 
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that was the case, CrkII, or other SH2/SH3 adaptors, could also cooperate with Elmo proteins, 

to facilitate the recruitment of Dock GEFs to the RTK. 

 

Previous studies have shown that high Axl expression in breast cancer patients is 

correlated with poor patient survival [86]. Similarly, the Axl ligand Gas6 has been shown to be 

a target for overexpression and amplification in breast cancer [102]. However, some studies 

have shown upregulation of Axl in breast cancer cells led to an increase in Axl activity 

independently of Gas6 binding confirming the constitutive activation of Axl in these cells [90]. 

Because we detect Axl phosphorylation at basal levels prior to Gas6 stimulation in serum-

starved cells in MDA-MB-231, our data suggest that Axl in basal breast cancer cells is 

constitutively active and may act independently of its ligand, which may be the reason why we 

observe an Elmo2/Axl complex at basal levels prior to Gas6 stimulation.  

 

Our data highlight a previously unsuspected role of Axl and Elmo in the proliferation of 

invasive breast cancer cells. Previous studies did not detect a reduction in proliferation upon 

Axl and Elmo expression knockdown using shRNA [86, 291]. A transient siRNA approach may 

have not allowed enough time for alternative pathways to rescue proliferation, which allowed 

us to identify a role for Elmo tyrosine site Y713 in promoting proliferation. Similarly, we 

showed in another study Dock1-null mammary tumors’ growth was reduced compared to 

Dock1-WT mammary tumors, indicating a role for Dock1 in promoting cell proliferation [288].  

  

Furthermore, it remains unclear at what step of breast cancer progression Axl is 

contributing. Knockout mouse models looking at this important question are missing. Recent 

data highlight that Axl expression is important in basal breast cancer cells to maintain a stem 

cell-like phenotype [86, 90]. In part, this is done through the expression of transcription factors 

that maintain a mesenchymal phenotype such as Snail and Slug. Our results revealing a role for 

Dock/Elmo proteins in EMT is novel and potentially unique for basal breast cancer cells. In a 

previous study, we found Dock1 in vivo not to be required for mesenchymal transition of 

cardiomyocytes [261]. Likewise, deletion of Dock1 in HER2 breast cancer tumors was found to 
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alter interferon gene expression but not EMT gene expression [288]. The pathophysiological 

importance of Vimentin expression by Elmo/Dock proteins remains to be fully explored in basal 

breast cancer cells. It will also be important to verify in vivo if Axl contributes to stem cells 

maintenance and if its role in sustaining epithelial to mesenchymal transition is directly linked 

to invasion.  

 

Altogether, these results led us to propose that Axl may hijack the Rac activator 

Elmo/Dock complex to phosphorylate Elmo and promote cell invasion and cell proliferation. It 

also identifies inhibition of the Elmo-Dock pathway as a potential therapeutic target to stop Axl-

induced cell proliferation, invasion, and metastases. 
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Methods 

 

Antibodies  

The antibodies against the following proteins were obtained commercially: Tyro3 (C-20), Axl 

(C-20), Myc (9E10), GFP (B-2), DOCK 180 (H-4) and pY99 (sc-7020) were from Santa Cruz 

Biotechnologies (Santa Cruz, CA); FLAG M2 and Tubulin were from Sigma (St.Louis, MO); 

Rac1 was from Millipore (Billerica, MA); pAKTS473, AKT, pY100, and pAxlY702 were from 

Cell Signaling Technology (Danvers, MA); Vimentin, N-Cadherin, and E-Cadherin were from 

BD Biosciences (Franklin Lakes, NJ); Elmo2 was from Novus Biologicals (Littleton, CO); GST 

was from GE Healthcare (Buckinghamshire, UK); Mer and pAxl779 were from R&D Systems 

(Minneapolis, MN); Mer and Twist1 were from Abcam (Cambridge, UK). Rabbit 

phosphospecific polyclonal antibody against pY713 Elmo2 was custom generated using the 

synthetic phospho-peptide CIPKEPSSpTyrDFVYHYG as an immunogen (GenScript, 

Piscataway, NJ). Specificity of the pElmo2pY713 antibody was verified by dot blot against the 

phosphorylated and unphosphorylated peptides.  

 

Plasmid Constructs 

pCNX2 Flag-DOCK1 was from M. Matsuda (Kyoto University, Japan). pDEST27 Tyro3 was 

described in [428]. pCMVSport6 Axl was from Open Biosystems (Cat. MHS1010-7430144). 

pCMVSport6 Axl kinase-dead K561M was generated by site-directed mutagenesis 

(QuickChange; Stratagene) with primers specified in Table S3. pcDNA3.1 Myc-Elmo1, 

pcDNA3.1 Myc-Elmo2, and pcDNA3.1 Myc -Elmo3 plasmids were described previously [283, 

425]. The Y-F mutants of Elmo1 and Elmo2 were generated by site-directed mutagenesis with 

the specified primers in Table S3. Elmo1-Myc αN/PxxP mutant plasmid was described 

previously [275]. pGEX-4T1-Elmo1 wild-type and mutants were subcloned XhoI/BamHI from 

pcDNA3.1 into pGEX-4T1 (Amersham, Piscataway, NJ). pGEX-4T1-Elmo2 and pGEX-4T1-

Elmo3 were subcloned BamHI/XhoI into a pGEX-4T1 vector from pcDNA3.1.  
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Cell culture and Transfections 

Cell lines (MDA-MB-231, Hs578T, and HEK 293T) were cultured in DMEM supplemented 

with 10% heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin 

(Invitrogen-BRL, Carlsbad, CA) at 37°C in 5% CO2 incubator. MDA-MB-231 and Hs578T 

cells were transfected with the indicated plasmids or siRNAs using Lipofectamine 2000 

(Invitrogen). HEK 293T cells were transfected the indicated plasmids by the calcium phosphate 

method. Hs578T and MDA-MB-231 cells were transfected with ON-Target smart pool human 

siRNA (60nM of Elmo2, 100nM of Axl siRNA, 200nM of Dock1 and Dock5) (Dharmacon). 

Control cells were transfected with 60nM or 100nM NON-Targeting siRNA (Dharmacon). 

Biochemical and cell biological studies were performed 48 to 72h after transfection.  

 

Kinase library screen 

180 full-length human protein kinase cDNA clones derived from the MGC/ORFeome (Open 

Biosystems, Invitrogen) were Gateway-recombined with pDEST27 vector (Invitrogen) to 

generate in-frame glutathione S-transferase (GST)-kinase ORFs [428]. GST kinases encoded in 

plasmids were transfected into HEK293T and arrayed in 96-well plates. GST kinases were 

immobilized on glutathione-coated plates (Pierce) 24hrs later whose wells were previously 

rinsed and equilibrated with kinase buffer (25 mM Tris (pH 7.5), 5 mM β-glycerol phosphate, 

1 mM NaVO4) prior to adding 1 μg recombinant mouse Elmo1 substrate, 1 μg of MBP as 

internal control, and 2 μCi of [γ-32P] ATP. Reactions were carried out at 30°C for 30 min and 

stopped with 2× SDS sample buffer; samples were boiled before separation on SDS/PAGE gels. 

Phosphorylated substrates were detected by autoradiography. pGEX-4T1 Elmo constructs were 

transformed in BL-21 for protein production. Exponentially growing BL-21 cultures (2-4L) 

were induced with 0.1 mM IPTG overnight at 25oC. Cleared lysates were prepared and GST-

Elmo1 was purified on GSTrap mini columns using an Äktaprime Plus chromatography system. 

The GST tag was cleaved by incubation with thrombin and the protease was removed by passing 

the sample on a HiTrap Benzamidine FF column. The sample was dialyzed against a phosphate 

buffer saline solution and passed on glutathione sepharose 4B to remove uncleaved GST-Elmo1 

and the GST moiety. GST-Elmo1, and truncated proteins, in addition to GST-Elmo2-3, were 
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affinity purified on small amounts of glutathione sepharose 4B for small-scale pulldown (see 

below) [275].  

 

Immunoprecipitation, GST-Fusion Protein Pulldowns, and Rac-GTP Assays 

Cells were lysed for 10min in 150mM NaCl, 50mM Tris pH 7.5, 1% NP-40, 5mM NaF, 1mM 

Na3VO4, and 1X complete protease inhibitor (Roche, Indianapolis, IN). For 

immunoprecipitation, clarified cell lysates were incubated with the indicated antibodies, and the 

immune complex was allowed to form for 1hr at 4°C. Protein-A Agarose was added for 30 min 

to recover the immune complex. The beads were washed three times with lysis buffer, and bound 

proteins were analyzed by SDS-PAGE and immunoblotting. For GST-fusion protein pull-

downs, the GST-fusion proteins were expressed in bacteria and purified on glutathione 

sepharose 4B as described above. Equal amounts of the various GST-fusion proteins bound to 

beads were next incubated with cell extracts (500μg of protein per condition). The in vitro kinase 

assays with the GST-fusion proteins and recombinant kinase domains of TAMs were carried 

out as described above. The kinase domains of the human TAMs were obtained from Signal 

Chem (Richmond, BC). Following IVK assays, the proteins were separated by SDS-PAGE and 

stained with Coomassie blue and the phosphorylated proteins were detected by autoradiography. 

For Rac activation assay, Hs578T cells were treated and lysed as described [288]. The GTP-

loading status of Rac in was analyzed by GST-PAK-PBD affinity precipitation as described 

previously [425]. Equal amounts of protein lysates or pulldowns were separated by SDS/PAGE 

and Rac was detected by immunoblotting. Rac activation was quantified by densitometry 

analysis using ImageJ software (http://rsb.info.nih.gov/ij/).  

 

Mass spectrometry 

The human GST-Tyro3 kinase expressed in HEK293T cells was purified by affinity purification 

and used to phosphorylate 2 μg of recombinant mouse Elmo1 by IVK assay. To produce 

phosphorylated Elmo1 in cells, HEK293T cells were co-transfected with human GST-Tyro3 

and mouse cMyc-Elmo1. 10mg of lysate was used for immunoprecipitation of Elmo1 with 10μg 

of anti-Myc antibody (9E10) bound to Proteins A beads. Samples were separated by SDS-

http://rsb.info.nih.gov/ij/
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PAGE.  The gel was stained in mass spectrometry compatible Coomassie and the band 

corresponding to Myc-Elmo1 was excised, destained extensively in water and in-gel digestion 

was then performed according to standard procedures. The peptide digestion products were 

extracted from the gel with an extraction buffer (1:2 (vol/vol) 5% formic acid/acetonitrile) and 

incubate for 15 min at 37 °C. Peptides were re-dissolved in 0.1% trifluoroacetic acid for LC-

MS/MS analysis at the IRIC platform (Montréal, Qc).  

 

RT-PCR 

Total RNAs were extracted using TRIZOL (Invitrogen) and treated with DNAseI (Invitrogen) 

to remove genomic DNA. cDNA’s were generated using the Superscript II Reverse 

Transcriptase (Invitrogen) and random primers (Invitrogen) as recommended by the 

manufacturer. The expression profiles of beta-actin, Elmo1, Elmo2, and Elmo3 were determined 

using specific primers shown in Table 2. SIII.  

 

Boyden Chambers Invasion Assay 

Cell invasion assays were performed using 8μm pores Boyden Chambers (Costar, Cambridge, 

MA) coated with 6μl of Matrigel (BD Biosciences, San Jose, CA) dissolved in 100μl of DMEM. 

Cells were detached and washed with DMEM 0.1% BSA as described in [439]. 100,000 cells 

were seeded in the upper chamber in duplicate for each condition in serum-starved DMEM and 

cells were allowed to invade for 16hrs toward the bottom chamber containing DMEM -/+ 

10%FBS before fixation in 4% paraformaldehyde. Cells in the upper chambers were 

mechanically removed using cotton swabs. Invading cells were permeabilized with 0.2% Triton 

X-100 in PBS and blocked in PBS-1% BSA before staining with anti-cMyc and anti-GFP. The 

membrane was isolated and mounted on a microscope slide using SlowFade Gold reagent 

(Invitrogen). An aliquot of the cells was lysed to verify the expression levels of the exogenous 

proteins and the knockdown of Elmo2 by Western blotting. GFP-positive cells and c-Myc-

positive cells that have invaded to the underside were counted from 8-10 independent fields on 

each membrane (20x).  
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BrdU Proliferation Assay 

72hrs following siRNA transfection, cells were plated on fibronectin-coated glass slips for 

24hrs. Cells were incubated with 0.03 mg/ml BrdU at 37°C for 30 minutes. Cells were then 

fixed with 70% ethanol for 5 minutes, rinsed with PBS (three times), denaturated with 1.5 M 

HCl for 30 minutes at room temperature and rinsed three times with PBS for 5 minutes each. 

After incubation with PBS-1%BSA to block non-specific staining for 60 minutes, cells were 

incubated with BrdU antibody (Cell Signaling Technology) overnight at 4°C. After three washes 

with PBS, cells were incubated with corresponding Alexa-Fluor-conjugated secondary 

(Invitrogen) for 2 hours. The samples were then counterstained with DAPI to stain the nuclei 

and analyzed with Zeiss Observer.Z1 microscope. The percentage of BrdU positive cells versus 

total cells was calculated in 5 different fields of each condition. The average of the percentage 

of BrdU positive cells calculated in the 5 images was used for the final quantification. Values 

are reported as mean ± SEM. Statistical differences were evaluated using ANOVA followed by 

Bonferroni’s multiple comparisons posthoc test using Prism 6 software (GraphPad). A p-value 

less than 0.05 was considered as statistically significant. An aliquot of the cells was lysed to 

verify the expression levels of the exogenous proteins and the knockdown of Elmo2 or Axl by 

Western blotting.  

 

Statistical Analysis 

Statistical significance was determined using Student’s t-test with p-values ≤ 0.05 considered as 

significant using Prism. In all tests, two groups with one changed parameter were compared. 

For invasion assays, ANOVA and all pairwise multiple comparison procedures (Holm-Sidak 

method) were performed (n=6 for each condition). 
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Figure 2. S1 Elmo phosphorylation by the TAM receptors 

(A) Lysates of transfected HEK293T cells with indicated plasmids were either immunoprecipitated with antibodies anti-Axl or 

anti-Mer or glutathione-precipitated with GST-Tyro3 and were incubated with 5μg of GST-Elmo1 and γ32-ATP. The expression 

of the proteins was analyzed by Coomassie staining and the phosphorylation by autoradiography (n=3). (B-C) Lysates of 
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HEK293T cells transfected with the indicated plasmids were immunoprecipitated with an antibody against the Myc-epitope 

(Elmo1) and with an antibody against Tyro3 (B) or Mer (C). The phosphorylation and expression levels of Elmo1, Tyro3 and 

Mer were analyzed via immunoblotting with anti-Myc (Elmo1) and anti-Tyro3 (B) or anti-Mer (C) antibodies, respectively. (D) 

Elmo protein sequence alignment in different species near identified phosphorylation sites Y720 (highlighted in green) and 

Y724 (highlighted in yellow).  
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Figure 2. S2 Specificity of pY713 Elmo2 antibody 

(A) The purified tyrosine 713 phosphospecific antibody was used for dot blot analysis of increasing amounts (0-10μg) of the 

phosphorylated and the non-phosphorylated immunogenic peptides used for affinity purification of the serum. (B)  Elmo2 

phospho-mutant Y720F is able to bind Axl and diminish phosphorylation detected by Elmo2 phospho-specific antibody anti-

pY713. Lysates of HEK293T cells transfected with the indicated plasmids were co-immunoprecipitated with an antibody against 

Axl. The co-precipitation and expression levels of the Axl proteins and Elmo2 were analyzed via immunoblotting with anti-

Myc (Elmo2) and anti-Axl antibodies, respectively. Phosphorylation of Elmo2 is detected by immunoblotting using anti-pY713 

Elmo2 antibody.   
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Figure 2. S3 Tyrosine 773, 821 and 860 in Axl C-terminal are not required for Elmo2 

binding and phosphorylation 

Lysates of HEK293T cells transfected with the indicated plasmids were immunoprecipitated with an antibody against Axl. The 

phosphorylation and expression levels of Elmo2, Axl and its mutants were analyzed via immunoblotting with anti-Myc (Elmo2), 

anti-Axl, anti-pY713 Elmo2, anti-pY99, and anti-pY702 Axl. 
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Figure 2. S4 Expression Profile of the TAM receptors and Elmo proteins in MDA-MB-

231 and Hs578T cells 

(A) RT-PCR analysis on RNA extracted from Hs578T cells using specific primers for Actin, Elmo1, Elmo2 and Elmo3 (Table 

3) (B) Lysates of MDA-MB-231 cells, Hs578T cells and transfected HEK293T cells were analyzed for Axl, Tyro3 and Mer 

expression via immunoblotting using anti-Axl, anti-Tyro3, and anti-Mer.  (C) Phosphorylation of Elmo2 in Hs578T cells is 

dependent on Axl expression. Hs578T cells were transfected with 100nM NON-targeting or ON-target smart pool Axl siRNA 

prior to being treated with 400ng/mL of Gas6 for the indicated time points. Cell lysates were analyzed via immunoblotting with 

anti-pAKT, anti-AKT, anti-Axl, anti-Elmo2, anti-pY713 Elmo2, anti-Dock180, and anti-Tubulin antibodies. 
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Figure 2. S5 Axl forms a complex with Elmo/Dock1 

(A-B) Lysates of HEK293T cells transfected with the indicated plasmids were co-immunoprecipitated with an antibody against 

Flag-Dock180. The co-precipitation and expression levels of the Axl, Elmo1 (B), Elmo2 (A) and Dock180 were analyzed via 

immunoblotting with anti-Myc (Elmo), anti-Axl and anti-Flag antibodies. Phosphorylated Elmo in the lysates is detected with 

the antibody anti-pY713. (C) Lysates of HEK293T cells transfected with the indicated plasmids were co-immunoprecipitated 

with an antibody against Flag-Dock1. The co-precipitation and expression levels of the Axl, Elmo1, Tubulin, and Dock1 were 

analyzed via immunoblotting with anti-Myc (Elmo), anti-Axl, anti-Tubulin, and anti-Flag antibodies. Phosphorylated Elmo in 

the lysates is detected with the antibody anti-pY713 Elmo2.  
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Figure 2. S6 Inhibition of activation or knockdown of Axl, Elmo2, Dock1, and Dock5 

alter Vimentin Expression 

(A) MDA-MB-231 cells were transfected with either 100nM NON-targeting siRNA, 100nM ON-target Axl siRNA, 60nM ON-

target Elmo2 siRNA or 200nM ON-target Dock1 or Dock5 siRNA. The expression levels of Axl, Elmo2, Dock1, Dock5, N-

Cadherin, E-Cadherin, Vimentin, and Tubulin were analyzed via immunoblotting with anti-Axl, anti-Elmo2, anti-Dock1, anti-

Dock5, anti-N-Cadherin, anti-E-Cadherin, anti-Vimentin, and anti-Tubulin antibodies. The expression levels of Vimentin were 

quantified by the software Image J (n=3). Data are shown as mean ± SEM; *p < 0.05; one-way ANOVA. (B) Serum-starved 

MDA-MB-231 cells were treated with 100μM CPYPP or with 1μM R428 for 1hr followed by 400ng/mL Gas6 for 20min. 

Lysates were then analyzed for expression of Twist1, N-Cadherin, E-Cadherin, Vimentin, p-AKT, AKT and Tubulin via 

immunoblotting with anti-Twist1, anti-N-Cadherin, anti-E-Cadherin, anti-Vimentin, anti-pAKT, anti-AKT and anti-Tubulin 

antibodies.  



 

 

Table 2. SI: GST-kinase library (List of human protein kinases in the GST-kinase expression library used in Figure 2.1 to 

screen.) 

Gene Name Gene Description 

ABL2  v-abl Abelson murine leukemia viral oncogene homolog 2 (arg, Abelson-related gene) 

ACVR1  activin A receptor, type I 

ACVR1B activin A receptor, type IB 

ADCK4  aarF domain containing kinase 4 

ADRBK1  adrenergic, beta, receptor kinase 1 

AKT1  v-akt murine thymoma viral oncogene homolog 1 

ALS2CR2  amyotrophic lateral sclerosis 2 (juvenile) chromosome region, candidate 2 (ALS2CR2) 

ARAF  v-raf murine sarcoma 3611 viral oncogene homolog 

AURKB  aurora kinase B (AURKB), mRNA 

BLK  B lymphoid tyrosine kinase (BLK), mRNA 

BMP2K BMP2 inducible kinase 

BMX BMX non-receptor tyrosine kinase 

BRAF  v-raf murine sarcoma viral oncogene homolog B1 

BRD2 bromodomain containing 2 

BUB1 BUB1 budding uninhibited by benzimidazoles 1 homolog (yeast) 

BUB1B BUB1 budding uninhibited by benzimidazoles 1 homolog beta (yeast) 

C9orf96 chromosome 9 open reading frame 96 

CAMK1G calcium/calmodulin-dependent protein kinase IG 

CAMK2G calcium/calmodulin-dependent protein kinase (CaM kinase) II gamma 

CAMK4  calcium/calmodulin-dependent protein kinase IV 

CAMKK2  calcium/calmodulin-dependent protein kinase kinase 2 

CAMKV  CaM kinase-like vesicle-associated 

CDC2 cell division cycle 2, G1 to S and G2 to M 

CDC2L6  cell division cycle 2-like 6 (CDK8-like)  

CDK10 cyclin-dependent kinase (CDC2-like) 10 

CDK2  cyclin-dependent kinase 2 

CDK3  cyclin-dependent kinase 3 

CDK4  cyclin-dependent kinase 4 

CDK6  cyclin-dependent kinase 6 

CDK7  cyclin-dependent kinase 7 (MO15 homolog, Xenopus laevis, cdk-activating kinase) 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=27
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=ALK2,SKR1,ACTRI,ACVR1,ACVRLK2
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=91&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=ADCK4,FLJ12229
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=156&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PKB,RAC,AKT1,PRKBA,RAC-ALPHA
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=55437
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PKS2,A-RAF,ARAF1,RAFA1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=17511777&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=33469982&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=55589
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=BMX,ETK,PSCTK2,PSCTK3
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=673&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=6046
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=BUB1,BUB1A,BUB1L,HBUB1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=17511777&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=169436
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=VWS1,CAMK1G,CLICKIII,DJ272L16.1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=21707842&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=CAMK4,CAMK-GR,MGC36771
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=27437017&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=79012
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=983&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=23097
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8558
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1017&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4557439&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=CDK4,CMM3,PSK-J3,MGC14458
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4502741&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=CAK1,CDK7,STK1,CDKN7,P39MO15
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CDKL5  cyclin-dependent kinase-like 5 

CHEK2  CHK2 checkpoint homolog (S. pombe) 

CLK1  CDC-like kinase 1 

CLK3  CDC-like kinase 3 

CLK4  CDC-like kinase 4 

CSNK1A1L casein kinase 1, alpha 1-like 

CSNK1D casein kinase 1, Delta 

CSNK1E casein kinase 1, epsilon 

CSNK1G2  casein kinase 1, gamma 2 

CSNK2A1  casein kinase 2, alpha 1 polypeptide 

DCAMKL2  doublecortin and CaM kinase-like 2 

DLCK1  doublecortin and CaM kinase-like 1 (DCAMKL1) 

DMPK dystrophia myotonica-protein kinase 

DYRK1B dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1B 

DYRK2 dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 2 

DYRK4 dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 4 

EEF2K eukaryotic elongation factor-2 kinase 

EIF2AK1  eukaryotic translation initiation factor 2-alpha kinase 1 

EIF2AK2  eukaryotic translation initiation factor 2-alpha kinase 2 

FASTK  Fas-activated serine/threonine kinase  

FASTKD2  FAST kinase domains 2 

FES feline sarcoma oncogene 

FGFR1  fibroblast growth factor receptor 1 (fms-related tyrosine kinase 2, Pfeiffer syndrome) 

FRK fyn-related kinase 

FYN FYN oncogene related to SRC, FGR, YES 

GRK5  G protein-coupled receptor kinase 5 

GRK6  G protein-coupled receptor kinase 6 

GSK3A glycogen synthase kinase 3 alpha 

HCK hemopoietic cell kinase 

HIPK1 homeodomain interacting protein kinase 1 

HIPK4 homeodomain interacting protein kinase 4 

ICK intestinal cell (MAK-like) kinase 

ILK  integrin-linked kinase 

IRAK3  interleukin-1 receptor-associated kinase 3 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=6792
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=11200
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1195&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=12803461&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=10190706&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=CSNK1A1L,MGC33182
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=HCKID,CSNK1D
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1454&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1455&ordinalpos=4&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4503095&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=166614
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4758128&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=47059024&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=9149&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=8445&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=8798&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=29904
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=27102&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4506103&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=5729822&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=45267832&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=2242&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=2260&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=FRK,GTK,RAK,PTK5
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4503823&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4885349&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=2870&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=49574532&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=HCK,JTK9
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=21542514&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=HIPK4,FLJ32818
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=7662388&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=3611&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=6005792&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
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IRAK4  interleukin-1 receptor-associated kinase 4 

JAK2  Janus kinase  

KSR2 kinase suppressor of ras  

LATS1  LATS, the large tumor suppressor, homolog 1 (Drosophila) 

LYK5  protein kinase LYK5 

MAP2K1 mitogen-activated protein kinase kinase 1 

MAP2K2 mitogen-activated protein kinase kinase 2 

MAP2K3 mitogen-activated protein kinase kinase 3 

MAP2K4 mitogen-activated protein kinase kinase 4 

MAP2K6 mitogen-activated protein kinase kinase 6 

MAP3K11 mitogen-activated protein kinase kinase kinase 11 

MAP3K14 mitogen-activated protein kinase kinase kinase 14 

MAP3K8 mitogen-activated protein kinase kinase kinase 8 

MAP4K2 mitogen-activated protein kinase kinase kinase kinase 2 

MAP4K5 mitogen-activated protein kinase kinase kinase kinase 5 

MAPK10 mitogen-activated protein kinase 10 

MAPK11 mitogen-activated protein kinase 11 

MAPK12 mitogen-activated protein kinase 12 

MAPK13 mitogen-activated protein kinase 13 

MAPK3 mitogen-activated protein kinase 3 

MAPK8 mitogen-activated protein kinase 8 

MAPK9 mitogen-activated protein kinase 9 

MARK2  MAP/microtubule affinity-regulating kinase 2 

MARK3  MAP/microtubule affinity-regulating kinase 3 

MAST2  microtubule-associated serine/threonine kinase 2 

MKNK1  MAP kinase interacting serine/threonine kinase 1 

MYLK2  myosin light chain kinase 2, skeletal muscle 

NEK2  NIMA (never in mitosis gene a)-related kinase 2 

NEK3  NIMA (never in mitosis gene a)-related kinase 3 

NEK4  NIMA (never in mitosis gene a)-related kinase 4 

NEK6  NIMA (never in mitosis gene a)-related kinase 6 

NEK8  NIMA (never in mitosis gene a)-related kinase 8 

NLK  nemo-like kinase 

NRBP1 nuclear receptor binding protein 1 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=IRAK4,REN64,NY-REN-64
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4826776&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=34222393&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9113
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=31982873&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=5604
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=5605&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=MEK3,MKK3,MAP2K3,MAPKK3,PRKMK3
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=37537223&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=MEK6,MKK6,MAP2K6,MAPKK6,PRKMK6,SAPKK3
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4505195&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=homologene&DbFrom=unigene&Cmd=Link&LinkName=unigene_gene&IdsFromResult=218463&tool=UniGene/clust.cgi
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=22035598&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=22035600&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=KHS,GCKR,KHS1,MAP4K5,MAPKKKK5
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4506081&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=20128774&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6300&ordinalpos=3&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=SAPK4,MAPK13,PRKM13,P38DELTA
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=91718899&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=20986523&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=JNK2,JNK2A,JNK2B,MAPK9,PRKM9,JNK-55,JNK2BETA,P54ASAPK,JNK2ALPHA
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=2011
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=4140&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=33988322&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=21361101&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=14993776&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4505373&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=NEK3,HSPK36,MGC29949
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=148839316&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=10783&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=30039692&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?itool=protein_brief&DbFrom=protein&Cmd=Link&LinkName=protein_gene&IdsFromResult=149408126
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=7019333&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
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NUAK1  NUAK family, SNF1-like kinase, 1 (ARK5) 

NUAK2  NUAK family, SNF1-like kinase, 2 (SNARK) 

OXSR1 oxidative-stress responsive 1 

PAK1  p21/Cdc42/Rac1-activated kinase 1 (STE20 homolog, yeast) 

PAK2  p21 (CDKN1A)-activated kinase 2 

PAK4  p21 (CDKN1A)-activated kinase 4 

PAK6  p21 (CDKN1A)-activated kinase 6 

PAK7  p21 (CDKN1A)-activated kinase 7 

PBK PDZ binding kinase 

PCTK1 PCTAIRE protein kinase 1 

PCTK2 PCTAIRE protein kinase 2 

PCTK3 PCTAIRE protein kinase 3 

PDIK1L PDLIM1 interacting kinase 1 like 

PFTK1  PFTAIRE protein kinase 1 

PIM1 pim-1 oncogene 

PIM3 pim-3 oncogene 

PKMYT1 protein kinase, membrane associated tyrosine/threonine 1 

PKN3 protein kinase N3 

PLK1 polo-like kinase 1 (Drosophila) 

PLK2 polo-like kinase 2 (Drosophila) 

PLK4 polo-like kinase 4 (Drosophila) 

PNCK pregnancy upregulated non-ubiquitously expressed CaM kinase 

PRKACG protein kinase, cAMP-dependent, catalytic, gamma 

PRKAG1  protein kinase, AMP-activated, gamma 1 non-catalytic subunit 

PRKC1B protein kinase C, beta 1 

PRKCA protein kinase C, alpha 

PRKCH protein kinase C, eta 

PRKCI protein kinase C, iota 

PRKCZ protein kinase C, zeta 

PRKD2 protein kinase D2 

PRKRA protein kinase, interferon-inducible double stranded RNA dependent activator 

PRKX protein kinase, X-linked 

PRPF4B PRP4 pre-mRNA processing factor 4 homolog B (yeast) 

PSKH1 protein serine kinase H1 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=7662170&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=SNARK,DKFZP434J037
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4826878&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=42794769&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=32483399&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=10298&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PAK5,PAK6
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PAK5,PAK7,KIAA1264,MGC26232
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=SPK,TOPK,NORI-3,FLJ14385
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=13623189&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=5128&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=5129&ordinalpos=3&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=149420&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=6912584&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4505811&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=49258202&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=33383241&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=40254851&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=21359873&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=93004081&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=23243309&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PNCK,MGC45419
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=KAPG,PRKACG
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=5571&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PKCB,PRKCB,PRKCB1,PRKCB2,MGC41878,PKC-BETA
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4506067&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PKCL,PKC-L,PRKCH,PRKCL,MGC5363,MGC26269,NPKC-ETA
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PKCI,PRKCI,DXS1179E,MGC26534,NPKC-IOTA
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PKC2,PRKCZ
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=19923468&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=RAX,PACT,HSD14,PRKRA
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=4826948&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=23831382&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=27901803&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
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RAF1  v-raf-1 murine leukemia viral oncogene homolog 1 

RAGE  renal tumor antigen 

RIOK1  RIO kinase 1 (yeast) 

RIOK2  RIO kinase 2 (yeast) 

RIPK2 receptor-interacting serine-threonine kinase 2 

RIPK3 receptor-interacting serine-threonine kinase 3 

RPS6KA1  ribosomal protein S6 kinase, 90kDa, polypeptide 1 

RPS6KL1 ribosomal protein S6 kinase-like 1 

SCYL3  SCY1-like 3 

SGK2  serum/glucocorticoid regulated kinase 2 

SGK3  serum/glucocorticoid regulated kinase 3 

SNF1LK SNF1-like kinase 

SRC v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian) 

SRPK1 SFRS protein kinase 1 

SRPK2 SFRS protein kinase 2 

STK11  serine/threonine kinase 11 

STK16  serine/threonine kinase 16 

STK17A serine/threonine kinase 17a 

STK17b serine/threonine kinase 17b 

STK19  serine/threonine kinase 19 

STK25  serine/threonine kinase 25 

STK31  serine/threonine kinase 31 

STK32A serine/threonine kinase 32A 

STK32B serine/threonine kinase 32B 

STK33  serine/threonine kinase 33 

STK36  serine/threonine kinase 36 (fused homolog, Drosophila) 

STK38  serine/threonine kinase 38 

STK38L  serine/threonine kinase 38 like 

STK40  serine/threonine kinase 40 

SYK spleen tyrosine kinase 

TAF1  TAF1 RNA polymerase II, TATA box binding protein (TBP)-associated factor, 250kDa 

TBK1  TANK-binding kinase 1 

TESK1  testis-specific kinase 1 

TLK1  tousled-like kinase 1 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=5894&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=5891
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=AD034,RIOK1,FLJ30006,MGC12903,BA288G3.1
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=55781
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=8767&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&DbFrom=protein&Cmd=Link&LinkName=protein_gene&LinkReadableName=Gene&IdsFromResult=6912584&ordinalpos=1&itool=EntrezSystem2.PEntrez.Protein.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=RSK,HU-1,RSK1,RPS6KA1,MAPKAPK1A,S6K-ALPHA
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=RPS6KL1,MGC11287
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=57147
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=10110
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=CISK,SGK2,SGK3,SGKL
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=150094&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=6714
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=SRPK1,SFRSK1
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=6733
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6794&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=8576&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=9263
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=9262&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=8859
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=10494&ordinalpos=5&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=56164
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=YANK1,STK32A,MGC22688
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=STK32,STKG6,YANK2,STK32B,HSA250839
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=65975&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=27148
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=NDR,NDR1,STK38
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=23012&ordinalpos=4&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=SHIK,MGC4796
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=6850&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=6872
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=NAK,T2K,TBK1,FLJ11330
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7016&ordinalpos=1&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=TLK1,KIAA0137,PKU-BETA
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TNK2  Similar to activated p21cdc42Hs kinase 

TP53RK TP53 regulating kinase 

TSSK1B testis-specific serine kinase 1B 

TSSK2  testis-specific serine kinase 2 

TSSK6  testis-specific serine kinase 6 

TTBK2  tau tubulin kinase 2 

TTK  TTK protein kinase 

TYK2  tyrosine kinase 2 

TYRO3  TYRO3 protein tyrosine kinase 

UHMK1  U2AF homology motif (UHM) kinase 1 

ULK4  unc-51-like kinase 4 (C. elegans) 

VRK1 vaccinia related kinase 1 

WEE1  WEE1 homolog (S. pombe) 

YES1 v-yes-1 Yamaguchi sarcoma viral oncogene homolog 1 

YSK4  yeast Sps1/Ste20-related kinase 4 (S. cerevisiae) 

 

 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=10188
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=PRPK,NORI-2,TP53RK,NORI-2P,C20ORF64
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=TSSK1,FKSG81,SPOGA4,STK22D
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=23617
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=83983&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=146057
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=ESK,PYT,TTK,MPS1L1
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=7297&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7301
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=127933
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=54986
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7443
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7465
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=7525
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=Retrieve&dopt=Graphics&list_uids=80122


 

 

Table 2. SII: List of kinases capable of phosphorylating Elmo1 identified in the screen for kinases. 

 

Identified Kinase Synonym Kinase type Validation IRCM 

BLK 

(B-Lymphocyte Kinase) 

p55-BLK Non-receptor Tyr Kinase Not tested 

CAMKK2 

(CaM-kinase kinase 2) 

Calcium/calmodulin-dependent protein 

kinase, CaMKK beta, and KKCC2 

Non-receptor Ser/Thr Kinase Not tested 

DCAMKL1 

 

DCDC3A, DCLK1, DCAK1, CAM 

kinase-like 1 and KIAA0369 

Non-receptor Ser/Thr Kinase Negative 

PFTAIRE1 

(PFTAIRE protein kinase 1) 

KIAA0834, PFT1, and PFTK1 Non-receptor Ser/Thr Kinase Negative  

PRP4 

(pre-mRNA processing factor 4) 

CBP143, KIAA0536, Pre-mRNA protein 

kinase, PRP4B, PRP4H, PRP4K, PRP4M, 

and PRPF4B 

Non-receptor Ser/Thr Kinase Not tested 

TTBK2 

(Tau-tubulin kinase 2) 

 Non-receptor Ser/Thr Kinase Non tested 

Tyro3  

(Tyrosine kinase gene 3) 

Sky, Brt (mouse), Rse, Etk-2 (mouse), Rek 

(chicken), DTK(mouse) and Tif 

Receptor Tyrosine Kinase Positive 



 

 

Table 2. SIII: Primers used for different procedures 

Procedure Forward Reverse 

RT-PCR Human β-Actin TGATGGTGGGCATGGGTCAGAA TCCATGTCGTCCCAGTTGGTGA 

RT-PCR Human Elmo1 CACGATCACAGTGCAGA CAACTTTCAGCCCCTAGCTG 

RT-PCR Human Elmo2 CGTTGCCAAACCCAGAGTAT TGGAGGTGTGAGATGAGCTG 

RT-PCR Human Elmo3 TGACGCACTCTGAGCGTTAC CAAGGTCACACTCTCCAGCA 

To generate Axl-KD (K561M) CTCAAGGTCGCTGTGATGACCATGAAAATTGCC GGCAATTTTCATGGTCATCACAGCGACCTTGAG 

To generate Elmo1 Y352F GAGAAACGCAAGTCCATGTTCACTCGGGATTATA

AAAAAC 

GTTTTTTATAATCCCGAGTGAACATGGACTTGCG

TTTCTC 

To generate Elmo1 Y720F CCCAAGGAACCTAGCAACTTTGACTTTGTCTATG

ACTGTAACTG 

CAGTTACAGTCATAGACAAAGTCAAAGTTGCTAG

GTTCCTTGGG 

To generate Elmo1 Y724F CCCAAGGAACCTAGCAACTATGACTTTGTCTTTG

ACTGTAACTG 

CAGTTACAGTCAAAGACAAAGTCATAGTTGCTAG

GTTCCTTGGG 

To generate Elmo1 Y720/724F CCCAAGGAACCTAGCAACTTTGACTTTGTCTTTG

ACTGTAACTG 

CAGTTACAGTCAAAGACAAAGTCAAAGTTGCTA

GGTTCCTTGGG 
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Abstract 

The aberrant expression of the receptor tyrosine kinase (RTK) AXL is linked to metastasis and 

acquisition of resistance to cancer drugs. AXL can be activated by its ligand GAS6 or by a 

crosstalk with other RTKs. However, the signaling pathways engaged by AXL to confer such 

enhanced pro-invasion power are not known. To address this, we defined the AXL-regulated 

phosphoproteome in triple-negative breast cancer cells, which revealed that AXL robustly 

modulates the phosphorylation of a network of focal adhesion (FA) proteins culminating in 

faster FA disassembly. Interestingly, this signaling activity is unique to AXL in comparison to 

EGFR. In particular, AXL directly phosphorylates the FA protein NEDD9, promoting 

NEDD9/CRKII coupling, which orchestrates the AXL-mediated phosphorylation of the pseudo-

kinase PEAK1. Our data reveal a distinct mechanism by which PEAK1 complexes with CSK 

kinase, mediating PAXILLIN (PXN) phosphorylation and AXL-induced FA turnover. 

Functionally, inactivation of PEAK1 decreases tumor growth and metastasis in vivo. Together, 

our results uncover an unexpected and unique robust contribution of AXL signaling to FA 

dynamics revealing a long sought-after mechanism underlying AXL pro-invasive activity. This 

in-depth understanding of AXL regulated signaling networks identifies PEAK1 as a new 

therapeutic target in AXL positive tumors.   
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Introduction 

 

Metastasis to secondary sites is the major cause of death of patients afflicted with breast cancer 

[441]. Metastasis is a complex process that involves the invasion of tumor cells from the primary 

site into the surrounding tissue, intravasation into the bloodstream and extravasation from the 

bloodstream into the secondary site [441]. Among breast cancer subtypes, HER2 positive and 

Triple-Negative (TNBC) are clinically more aggressive and prone to develop to a metastatic 

disease and patients show increased recurrence and a lower rate of survival [442]. While targeted 

therapies allow management of HER2 positive breast cancers, TNBC lacks the expression of 

Estrogen receptor, Progesterone receptor and HER2 such that they are typically treated by 

poorly effective standard chemotherapeutic regimens [443, 444]. Successful treatment of 

metastatic breast cancers is currently the central clinical challenge of solid tumor oncology. The 

progression of breast cancers often occurs when tumor cells re-activate the developmental 

epithelial-to-mesenchymal (EMT) program toward increased cell migration and invasion [445]. 

TNBC cells display robust EMT features and targeting pathways that promote cell migration 

and invasion would be valuable to decrease the metastatic burden associated with this subtype 

of the disease [446, 447]. A deep understanding of the molecular mechanism promoting 

metastasis is a priority to develop novel anti-metastatic approaches. 

 

The TAM (TYRO3, AXL, MERTK) form a distinct group of receptor tyrosine kinases (RTKs) 

that are activated by atypical vitamin K-dependent and -carboxylated ligands known as 

Growth-Arrest Specific Protein 6 (GAS6) and Protein S (PROS) [44, 410]. These ligands, of 

higher molecular weights in comparison to other RTK ligands, use their LG domains to bind 

TAMs. The -carboxylated GLA domains are also needed for full activity of the ligands and are 

particularly important for recognizing phosphatidylserine exposed at the surface of apoptotic 

cells or vesicles [25]. As such, a fragment of AXL capable to trap soluble GAS6 has been 

developed as a tool to inhibit TAM signaling [101].   

 

TAMs exert their functions in several biological processes such as dampening the immune 

response, in clearing apoptotic cells and in promoting cell survival [448]. Among TAMs, AXL 
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expression is strongly associated with metastasis in solid cancers of several origins and 

correlates with poor patient survival [24]. Despite its preferential overexpression in TNBC cell 

lines, studies have shown AXL expression to be subtype independent in patients’ breast tumors 

[58, 449]. AXL is a particularly attracting therapeutic target in metastatic cancers since it is 

involved in EMT and is positively correlated with chemo-resistance and targeted drug resistance 

[92, 139, 141]. AXL activation in epithelial cancers is emerging to be complex and to involve 

crosstalk with other RTKs as an alternative to ligand-mediated activation. For example, AXL 

can be transactivated by HER2 and can function in a GAS6-independent manner to promote 

metastasis [58]. However, and in marked contrast with RTKs involved in cancer progressions 

such as EGFR and MET, little is known about the specific mechanisms induced upon AXL 

activation to promote tumor invasiveness, metastasis and other features such as drug resistance. 

Defining the signaling pathways engaged by AXL is essential toward developing efficient anti-

AXL therapies to limit the progression of solid cancers.  

 

Here, we used quantitative phosphoproteomics approaches to globally define the signaling 

pathways specifically modulated by activation AXL by GAS6 in a TNBC cell model. We now 

define a number of signaling pathways and biological processes that are impacted upon AXL 

activation. We identified a major contribution of AXL to the regulation of focal adhesion (FA) 

dynamics. We report a signaling pathway downstream of AXL activation that implicates the 

pseudokinase PEAK1 in coordinating FAs turnover through recruitment of the canonical FA 

turnover module composed of βPIX/GIT1/PAK to PAXILLIN (PXN). In vivo, cells, where 

PEAK1 was inactivated by CRISPR/CAS9, show impaired tumor growth and metastatic 

properties. Collectively, these results reveal a previously unknown contribution of AXL to the 

dynamics of FAs and expose new opportunities to limit AXL-driven cell invasion.   
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Results 

 

Defining the GAS6-induced AXL phosphoproteome 

AXL is a unique RTK that has been closely linked to metastasis but how it signals remains 

unexplored. To define the AXL-regulated phosphoproteome, we performed quantitative mass 

spectrometry (MS) using a stable isotope labeling by amino acids in cell culture (SILAC) 

approach [450] where the invasive TNBC cell line Hs578T cells were maintained either in media 

containing heavy Arginine (13C6 
15N4) and Lysine (13C6 

15N2) or in media containing light 

Arginine (12C6 
14N4) and Lysine (12C6 

14N2).  These cells were used as a model due to their high 

expression of AXL and not the related RTKs TYRO3 or MERTK [95] (Fig. 3.1a). To 

specifically activate AXL, we produced the recombinant AXL ligand GAS6 by generating cells 

where GAS6-His is expressed and secreted in serum-free media containing Vitamin K3 in a 

tetracycline-inducible manner (Supplementary Information, Fig. 3. S1a). Subsequently, 

serum starved heavy isotope-labeled cells were treated with medium containing soluble GAS6 

for 5, 10 or 20 min while the light isotope-labeled cells were treated with control medium (Fig. 

3.1a) and these treatments promoted AXL auto-phosphorylation and activation of its 

downstream target AKT (Fig. 3.1b).  

 

To globally map the phosphorylation events modulated by AXL activation, we performed 

phosphopeptide enrichment using TiO2 chromatography and pY100 immunoaffinity on the 

mixed lysates of non-treated and GAS6 treated cells (Fig. 3.1a-b; Supplementary 

Information, Fig. 3. S1b). High-resolution liquid chromatography-tandem MS (LC-MS/MS) 

was employed to measure the relative phosphopeptide abundances enriched upon GAS6-

induced AXL activation. Due to the short time treatments, protein abundances were presumed 

to be overall minimally affected. By combining data from all time points, we quantified 5065 

unique phosphopeptides (in a total of 2059 proteins), among which a curtailed list of 701 

phosphoproteins was found modulated at least 1.5-fold by GAS6 across the three time points 

(Fig. 3.1c; Supplementary Information, Fig. 3. S1c-f; Appendix 1. Dataset I). Among those, 

we identified and validated general targets of RTK pathways, including c-JUN, GSK3β, ERK, 

PI3KCA, JNK1, JNK2, GSK3α, and RAF (Fig. 3.1d-e). Interestingly, the phosphorylation 
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pattern obtained in the blots matched the SILAC ratios obtained in our phosphoproteomic 

dataset (Appendix 1. Dataset I), indicating that our phosphoproteomic dataset may reveal valid 

and novel signaling pathways modulated upon AXL activation. 
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Figure 3.1 Phosphoproteomic analyses of the receptor tyrosine kinase AXL in TNBC 

model. 

(a) Schematic workflow of Hs578T cell labeling, treatment and sample preparation for phosphopeptides enrichment and 

phosphoproteomic analyses. (b) Immunoblot analysis of SILAC labeled Hs578T cell lysates collected at different time points 

demonstrates the activation of AXL following GAS6 stimulation. (c) Graphs of differential phosphopeptide abundances and 

phosphorylation probabilities in GAS6 treated cells vs unstimulated cells. Phosphosites are deemed modulated if they exhibit 

SILAC ratios cutoffs of 1.5-fold increase or decrease, which is a phospho-modulation at a Log2 fold change ≥ 0.5 

(phosphorylated – red circles) or ≤ 0.5 (dephosphorylated – green circles). (d) Dot plot representation of canonical 

phosphorylation sites regulated downstream of RTKs that were identified in our screen. The color of the circle represents the 

phosphorylation level (ratio H/L) at 5, 10 and 20 min. Border color of the circle depicts the significance of the modulation, 

whereas the size of the node indicates the relative abundance. (e) Lysates of Hs578T cells treated with GAS6 at three different 

time points were analyzed by immunoblotting for known targets of receptor tyrosine kinase signaling. Quantification of the 

western blot signal is indicated beneath each blot. 

 

An overview map of signaling pathways regulated by AXL 

Using the KEGG pathway database, analysis of the GAS6-modulated phosphoproteins revealed 

significant enrichment of potential pathways that could be regulated by AXL activity (Fig. 3.2a; 

Supplementary Information, Fig. 3. S2). We further generated a protein interactome based on 

our phosphoproteomic data, and for simplifying purposes, we headlined some of the 

significantly enriched protein subnetworks of relevant biological functions upon AXL activation 

(Fig. 3.2a; Appendix 1. Dataset II). In agreement with some of the established roles of AXL, 

we identified modulation in pathways including “Phagocytosis” and “mTOR signaling”. 

Noteworthy, we also identified multiple novel pathways not previously linked to AXL signaling 

including “Focal adhesion”, “RNA transport” and “Rap1 signaling” (Fig. 3.2b; Appendix 1. 

Dataset II). 

 

Moreover, we focused on proteins involved in focal adhesion (FA) dynamics and regulation of 

the actin cytoskeleton as they were found to be the most phospho-modulated proteins by AXL 

and could be strong potential candidates in providing mechanistic insights for AXL’s role in 

promoting cell migration and invasion. To investigate if FA dynamics is a process that is 

modulated specifically by AXL in comparison to other receptor tyrosine kinases, we compared 

our AXL phosphoproteomic dataset with EGFR phosphoproteomic datasets. Interestingly, when 

comparing the list of phosphoregulated proteins in our AXL dataset to previously generated 
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EGFR datasets in HeLa cells (with the caveat that different experimental approaches were 

employed) [451, 452], we defined a set of 331 unique and 195 shared phospho-modulated 

proteins (Fig. 3.2c). The unique AXL phospho-modulated proteins were significantly enriched 

for FAs in comparison to EGFR, where EGFR preferentially modulated proteins involved in 

adherens junctions (Fig. 3.2d). Hence, these data reveal that AXL, in contrast to EGFR, 

modulates uniquely and robustly the phosphorylation of FA proteins. Collectively, these 

experiments afford a unique and broad view of the phosphoproteome modulated by AXL 

activation. 
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Figure 3.2 High-resolution overview of AXL signaling revealed from a 

phosphoproteomic screen in TNBC cells 

(a) Dot plot representation of top 10 significantly enriched KEGG pathways of GAS6-regulated phosphoproteins at the three 

different time points of stimulation. Circle sizes represent the number of regulated phosphoproteins associated with the specific 

pathway and the color of the circle represents the significant adjusted p-value. (b) Protein-protein interaction network analysis 

of GAS6-modulated (red nodes) and unmodulated phosphoproteins (black nodes). Surrounding subnetworks in zoom boxes 

highlight selected and relevant functions of modulated phosphoproteins. Node sizes represent the number of significantly 

modulated phosphosites. (c) A Venn diagram comparing the number of AXL phospho-modulated proteins detected versus the 

EGFR phospho-modulated proteins. (d) Dot plot representation of significantly enriched KEGG pathways of GAS6 regulated 

phosphoproteins and EGF regulated phosphoproteins. Circle sizes represent the number of regulated phosphoproteins associated 

with the specific pathway and the color of the circle represents the significant adjusted p-value. 

 

 

AXL promotes focal adhesions turnover 

The specific enrichment of FA proteins as targets of AXL signaling prompted us to investigate 

whether AXL itself is localized at FA sites in TNBC cells. Using proximity ligation assay (PLA) 

and PXN as a marker for FAs, a pool of AXL was indeed found to localize at PXN FAs (green 

signal), which was significantly decreased when cells were treated with the AXL inhibitor R428 

[89] (Fig. 3.3a, b). We further quantified the number of PXN FAs following modulation of AXL 

kinase activity with either R428 or GAS6 and its expression levels by siRNA knockdown in 

MDA-MB-231 or Hs578T cells. In a motile cell, FA turnover is regularly recurrent leading to 

less stable adhesions. In contrast, serum starvation leads to a decrease in cell motility, and cells 

tend to have a high number of stable adhesions due to their slow turnover.  Interestingly, we 

found AXL activation by GAS6 treatment of serum-starved cells led to a decrease in the number 

of FAs, whereas inhibiting its activity with R428 or decreasing its expression via siRNA 

knockdown led to an increase in the FA number (Fig. 3.3c, d; Supplementary Information 

Fig. 3. S3a, b). To test if AXL regulates FA turnover, we analyzed FA lifetime, assembly and 

disassembly times with a live cell imaging approach of MDA-MB-231 cells expressing GFP-

PXN as an FA marker. An increase in AXL activity, in contrast to AXL inhibition or decrease 

in expression, led to a decrease in the lifetime and the disassembly time of FAs, without affecting 

the FA assembly time (Fig. 3.3e-g; Supplementary Information, Video S1, S2). Similar 

results were also obtained for Hs578T cells (Supplementary Information, Fig. 3. S3c, d). 
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Figure 3.3 AXL localizes at FA sites and modulates their turnover. 

(a) AXL localizes at FA sites. Representative confocal images of MDA-MB-231 cells treated either with DMSO or 1μM R428. 

PLA kit was used to analyze the localization of AXL at PXN positive FAs. (b) Quantifications of the number of PLA signals 

per cell per condition. *** P < 0.001. Scale bar, 20μm. (c) AXL modulates a number of FAs in the cell. Representative confocal 

images of MDA-MB-231 cells treated with DMSO or 1μM R428, transfected with 100nM of siCTRL or siAXL or serum-

starved and treated with GAS6 for 20min. Cells were stained for PXN (green) and Dapi (blue). Scale bar, 20μm. (d) 

Quantification of the FA number per cell depicted in (c). *** P < 0.0001 (n=3 experiments with 30 cells per condition). (e) 

MDA-MB-231 GFP-PXN expressing cells treated with DMSO or 1μM R428 were imaged live by spinning disk microscopy 

for a period of 30min to assess the dynamics of FA turnover.  White arrowheads point towards an FA that was followed for its 

assembly and disassembly times. Scale bar, 10μm. (f-g) Quantification of FA lifetime (f) and their assembly and disassembly 

times (g) of cells depicted in (e) and MDA-MB-231 GFP-PXN expressing cells treated with GAS6 for 30min or transfected 

with 100nM siAXL and imaged as mentioned in (e). *** P < 0.0001 (f), *** P < 0.001 (g), ** P <0.01 (n=3 experiments with 

90 FAs followed per condition).  

 

NEDD9 is a direct AXL substrate mediating cell invasion and FA signaling in TNBC 

We hypothesized that scaffold proteins that become tyrosine phosphorylated in response to 

GAS6 may orchestrate signaling by AXL to FA dynamics. Fitting this criterion, our dataset 

revealed PI3K regulatory subunits (AKT activation), GAB1/2 (PI3K and MAPK signaling), 

STAM1/2 (endosome trafficking) and the CAS family-proteins (p130CAS, NEDD9, and 

CASS4) that have previously been implicated in the regulation of actin and FA signaling. Of 

those, NEDD9, a scaffold protein downstream of integrin signaling, was particularly attractive 

since it is implicated in RAC-induced migration and metastasis [295, 453]. Since several 

NEDD9-binding proteins were also found differentially phosphorylated on tyrosine following 

AXL activation (BCAR3, CRK, DOCK1), we focused further on NEDD9.  

 

Validating our phosphoproteomic data, AXL downregulation by siRNA in MDA-MB-231 cells 

resulted in a decreased tyrosine phosphorylation on NEDD9 (Fig. 3.4a). Conversely, GAS6 

treatment of serum-starved cells increased NEDD9 phosphorylation (Fig. 3.4b). To test if 

NEDD9 could be a direct substrate of AXL, we carried out in vitro kinase assays using purified 

AXL (wildtype or kinase-dead) and recombinant NEDD9 substrate domain (SD) and C-terminal 

domain (CT) as substrates (Supplementary Information, Fig. 3. S4a). AXL phosphorylates 

NEDD9 on its substrate domain and either mutation of the kinase domain or addition of an AXL 
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or SRC inhibitor prevented this phosphorylation (Supplementary Information, Fig. 3. S4b, c). 

These results suggest that NEDD9 is a specific AXL substrate.  

 

NEDD9 is known to associate with CRKII protein, to act as a molecular switch to activate RAC1 

via DOCK3-CRKII complex[295]. The AXL-regulated tyrosine on NEDD9 (pY241DFP) falls in 

the pYXXP consensus for interaction with CRK proteins. We tested if NEDD9 phosphorylation 

by AXL regulates complex formation with CRKII. Knockdown of AXL by siRNA in MDA-

MB-231 cells led to a decrease in NEDD9 phosphorylation and a decrease in CRKII-binding to 

NEDD9 (Fig. 3.4c). Functionally, we further confirmed the canonical role of NEDD9 in 

promoting CRKII/DOCK3-induced RAC-mediated cell migration and invasion in a TNBC cell 

context (Supplementary Information, Fig. 3. S4d-g). 

 

NEDD9 localizes to FAs in part through association with Focal Adhesion Kinase (FAK) [454]. 

To investigate whether AXL controls NEDD9 localization at FAs, Hs578T cells expressing 

GFP-NEDD9 were treated with AXL inhibitor R428 or transfected with siAXL. Using FAK as 

an FA marker, inhibition of AXL activity or decreasing its expression levels by siRNA led to 

an enrichment of NEDD9 at FAK FAs (Fig. 3.4d, e). We also noted an increase in NEDD9/FAK 

complex formation upon wild-type but not kinase-dead AXL overexpression (Fig. 3.4f). These 

results in positioning NEDD9 as a direct AXL substrate to regulate its localization at FA sites 

and RAC1-induced cell migration.  



 

153 

 

 



 

154 

Figure 3.4 AXL phosphorylates NEDD9 and regulates its localization at FA 

(a) AXL knockdown decreases NEDD9 phosphorylation levels. MDA-MB-231 were transfected with 100nM siAXL. Following 

anti-NEDD9 immunoprecipitation, NEDD9 phosphorylation levels were determined by western blotting. (b) AXL activation 

increases NEDD9 phosphorylation levels. Serum-starved MDA-MB-231 cells were treated with GAS6 for 20min. Following 

anti-NEDD9 immunoprecipitation, NEDD9 phosphorylation levels were determined by western blotting. (c) AXL knockdown 

decreases NEDD9/CRKII complex formation. MDA-MB-231 were transfected with 100nM siAXL. Following anti-NEDD9 

immunoprecipitation, levels of CRKII binding to NEDD9 was determined by western blotting. (d) NEDD9 localization at FAs 

is regulated by AXL. Representative confocal images of Hs578T cells transfected with GFP-NEDD9 plated on coverslips and 

either treated with DMSO or 1μM R428 or transfected with 100nM siAXL. Cells were then fixed and permeabilized and stained 

for GFP (green), FAK (red) and Phalloidin (grey). Dashed boxes are used to depict the location of the zoomed images. (e) 

Quantification of the mean grey value of NEDD9 at FAK positive FAs shown in (d). *** P < 0.0001 (n=3 experiments, 15 cells 

per condition per experiment). Scale bar, 20μm. (f) AXL kinase activity regulates NEDD9 complex formation with FAK. 

Lysates of 293T cells expressing indicated plasmids were subjected to anti-HA FAK immunoprecipitation. Co-

immunoprecipitates were detected via western blotting.  (g) Schematic workflow of the proximity-dependent biotinylation 

(BioID) proteomics approach performed with NEDD9 in Flp-InTM T-RExTM 293 cells. NEDD9 is fused to the promiscuous 

BirA* biotin ligase that can label the protein environment of the bait. (h) Network layout of the NEDD9 BioID dataset. 

Surrounding subnetworks in zoom boxes exhibit selected and relevant functions, such as «FA» and «Actin» where NEDD9 

seems to play a central role. Node sizes represent the relative amount of GAS6-modulated phosphosites. Edge thickness 

represents the relative protein abundance depicted by the SAF (Spectral Abundance Factor) metric. The color of the node 

indicates if a NEDD9 prey has been phospho-modulated or not in the GAS6 phosphoproteomic screen. 

 

AXL promotes the recruitment of the pseudokinase PEAK1, in proximity to NEDD9, to 

FAs 

While NEDD9 localizes to FAs, how it contributes to the dynamics of these structures remains 

poorly understood. To address this, we sought to determine novel NEDD9 protein complexes. 

We exploited BioID, a proximity-dependent biotin labeling technique coupled to mass 

spectrometry that can capture interacting and proximal proteins of the BirA*-FLAG-NEDD9 

bait in living cells [455] (Fig. 3.4g, Supplementary Information, Fig. 3. S4h). We generated 

Flp-In T-REx 293 cells to express BirA*-FLAG-NEDD9 in a tetracycline-inducible manner. 

Addition of biotin to cells led to biotinylation of BirA*-FLAG-NEDD9 and its bound proteins 

such that 133 high confidence proximal interactors were identified. While we identified 10 

reported direct NEDD9-interactors (Supplementary Information, Fig. 3. S4i; Appendix 1. 

Dataset III), several of the novel NEDD9 BioID preys are known to be in complex with the 

previously reported interactors. NEDD9 proximal proteins were clustered based on their gene 
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ontology terms into their corresponding biological processes, which further cemented NEDD9 

as a candidate for regulation of FA signaling (Fig. 3.4h; Appendix 1.  Dataset IV).  

 

To uncover the molecular mechanism of AXL-mediated FA dynamics, we intersected the AXL 

phosphoproteomic dataset with NEDD9 proximal interactors and this revealed PEAK1 as a 

previously unknown proximity partner to NEDD9 and a protein that is phosphotyrosine-

modulated by AXL (Fig 3.4h; Appendix 1. Dataset I, III). PEAK1 is pseudo-kinase that has 

been linked previously to cell migration and FA turnover [393, 456-459], but how it achieves 

these functions is unresolved. While we could not detect a direct NEDD9/PEAK1 interaction, 

we detected an interaction of PEAK1 with AXL which led to its AXL-mediated phosphorylation 

(Fig. 3.5a-c). This phosphorylation likely occurs on multiple tyrosine residues since mutation 

of the PEAK1 phosphosite identified in our screen did not decrease its global tyrosine 

phosphorylation by AXL (Supplementary Information, Fig. 3. S5a). To determine whether 

AXL controls the cellular localization of PEAK1, we treated MDA-MB-231 cells with the AXL 

inhibitor R428 and found PEAK1 being redistributed from a cell periphery staining pattern to a 

more cytoplasmic staining following the treatment (Fig. 3.5d, e). Similarly, decreased PEAK1 

localization at FAK FAs was also observed upon AXL inhibition (Fig. 3.5f, g). These data 

position PEAK1 as a candidate to mediate AXL signaling to FAs. 
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Figure 3.5 AXL interacts with PEAK1 and modulates its phosphorylation and 

localization in the cell 

(a) PEAK1 localizes with AXL in TNBC cells. Representative confocal images of MDA-MB-231 cells. PLA kit was used to 

analyze the localization of PEAK1 and AXL. (b) PEAK1 interacts with AXL. Lysates of 293T cells expressing the indicated 

plasmids were used for anti-Myc immunoprecipitation. Levels of AXL is detected via western blotting. (c) PEAK1 is 

phosphorylated by AXL. Lysates of 293T cells expressing the indicated plasmids and treated or not with 1μM R428 for 1 hour 

were subjected to anti-Myc immunoprecipitation. Levels of Myc-PEAK1 tyrosine phosphorylation was detected via western 

blotting. (d) PEAK1 recruitment to the cell membrane is AXL regulated. Representative confocal images of Hs578T cells 

treated with DMSO or 1μM R428. Cells were stained for PEAK1 (green) and FAK (red). Dashed boxes are used to depict the 

location of the zoomed images. (e) Quantification of the mean grey value of PEAK1 at the periphery of the membrane shown 

in (b). ** P < 0.05. (f) PEAK1 is localized at FA sites. Representative confocal images of MDA-MB-231 cells treated with 

DMSO or 1μM R428. PLA kit was used to analyze the localization of PEAK1 at FAK positive FAs. (g) Quantifications of the 

number of PLA signals per cell per condition. *** P < 0.005. (h) Network layout of the PEAK1 BioID dataset. Surrounding 

subnetworks in zoom boxes exhibit selected and relevant functions, such as «FA» and «Actin» where PEAK1 seems to play a 

central role. Node sizes represent the relative amount of GAS6-modulated phosphosites. Edge thickness represents the relative 

protein abundance depicted by the SAF (Spectral Abundance Factor) metric. The color of the node indicates if a PEAK1 prey 

has been phospho-modulated or not in the GAS6 phosphoproteomic screen. 

 

CRKII is a PEAK1-binding protein mediating AXL signaling to FAs 

We next defined the BirA*-FLAG-PEAK1 interactome by BioID proteomics to better 

understand how PEAK1 communicates with the FA machinery. The intersection of the AXL 

phosphoproteomic dataset with the PEAK1 BioID screen revealed a major proximal interactor, 

CRKII, that is also phospho-modulated by AXL activation (Fig. 3.5h; Supplementary 

Information, Fig. 3. S5b; Appendix 1.  Dataset V, VI). The related CRKL was also identified 

in the BioID of PEAK1 but not in the AXL phosphoscreen. Since CRKII and CRKL adaptor 

proteins have been reported to assist in FA turnover [460] and emerged from these analyses, we 

further investigated their role in PEAK1 regulation of FA.  

 

PEAK1 contains a putative proline-rich motif that fits the consensus for CRK-binding [456]. To 

test if this is the mechanism implicated for their interaction, we generated a mutant of PEAK1 

in which this proline-rich region was disrupted (PEAK1 3PA) and we demonstrated that this 

was sufficient to almost completely disrupt PEAK1 binding to CRKII by both co-

immunoprecipitation and GST-pulldown assays (Fig. 3.6a, b; Supplementary Information, 

Fig. 3. S5c). Further dissection of the complex by GST-pulldown assays defined that 
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PEAK1/CRKII coupling occurred via the CRKII middle SH3 domain (Supplementary 

Information, Fig. 3. S5d). These data were further confirmed by conducting a PEAK1 3PA 

mutant interactome by BioID that was compared with PEAK1 WT interactome and these 

analyses revealed PEAK1 3PA mutant loss of binding with CRKII and CRKL proteins 

(Appendix 1.  Dataset V). 

 

To characterize the functional role of the CRKII/PEAK1 complex formation, we found AXL-

mediated phosphorylation of PEAK1 to be abolished upon mutation of the CRKII-binding 

domain of PEAK1, despite its correct localization in the cell, suggesting that PEAK1 

phosphorylation downstream of AXL may require its coupling to CRKII (Fig. 3.6c; 

Supplementary Information, Fig. 3. S5e). In addition, localization of CRKII at FAK FAs was 

diminished upon knockdown of PEAK1 in MDA-MB-231 cells, suggesting that PEAK1/CRKII 

interaction is necessary for CRKII localization at FAs (Fig. 3.6d, e). CRK-PXN complex 

formation is known to be essential for increased FA turnover and induce cell migration [461]. 

Hence, we examined if CRKII recruitment to PXN is mediated by AXL. Indeed, co-

immunoprecipitation revealed that CRKII interaction with PXN is indeed induced upon AXL 

overexpression and is dependent on AXL kinase activity, suggesting AXL mediated 

phosphorylation of CRKII may induce the coupling of CRKII/PEAK1 to PXN proteins at FAs 

(Fig. 3.6f).  
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Figure 3.6 CRKII direct binding to PEAK1 is necessary for AXL-mediated PEAK1 

phosphorylation and for CRKII localization at FA.  

(a) Schematic of PEAK1 and CRKII domains. (b) CRKII binds PEAK1 proline-rich region. Lysates of 293T cells expressing 

the indicated plasmids were used for anti-GFP immunoprecipitation. Levels of Myc-PEAK1 is detected via western blotting. 

(c) Lysates of 293T cells transfected with the indicated plasmids were subjected to anti-Myc immunoprecipitation. Myc-PEAK1 

phosphorylation levels were detected via western blotting. (d) PEAK1 regulates CRKII localization at FA sites. Representative 

confocal images of MDA-MB-231 cells transfected with either 100nM siCTRL or siPEAK1. PLA kit was used to analyze the 

localization of CRKII at FAK positive FAs. (e) Quantifications of the number of PLA signals per cell per condition. *** P < 

0.005. Scale bar, 20μm. (f) AXL modulates CRKII binding to PXN. Lysates of 293T cells expressing the indicated plasmids 

were used for anti-Myc immunoprecipitation. Levels of GFP-PXN is detected via western blotting. 
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PEAK1, in complex with PRAG1, orchestrates the phosphorylation of PAXILLIN via 

CSK  

Accumulation of PXN phosphorylation at sites of FAs is an indicator of FA turnover. Since 

PEAK1 and PRAG1 are pseudo-kinases that associate with tyrosine kinase activity when 

phosphorylated [462], this led us to test if PEAK1 can orchestrate the phosphorylation of PXN. 

PEAK1 knockdown using siRNA eliminated PXN phosphorylation in TNBC cells (Fig. 3.7a) 

and an increase in PXN phosphorylation was observed following overexpression of PEAK1 

(Fig. 3.7b). An in vitro kinase assay with GST-PXN N-terminus or C-terminus as substrates 

revealed the presence of a kinase activity able to phosphorylate N-terminus of PXN in vitro in 

PEAK1 immunoprecipitates (Supplementary Information, Fig. 3. S5f, g). A recent study has 

shown PRAG1, known to heterodimerize with PEAK1 [463], to induce tyrosine 

phosphorylation in human cells by associating with CSK tyrosine kinase [462]. We 

hypothesized that PRAG1 may bridge PEAK1 to CSK kinase to induce PXN phosphorylation 

at FA sites. Indeed, we confirmed that CSK kinase binds PEAK1 in an AXL-dependent manner 

in TNBCs (Fig. 3.7c) and that CSK can promote GFP-PXN phosphorylation (Fig. 3.7d). 

 

In contrast to PEAK1 WT, PEAK1 3PA mutant failed to promote PXN phosphorylation, 

affirming the necessity of PXN/CRKII complex formation to mediate PXN phosphorylation 

(Fig. 3.7e).  To address the necessity of PEAK1 in AXL-induced FA turnover, we depleted 

PEAK1 levels by siRNA in GFP-PXN expressing MDA-MB-231 cells and assessed the role of 

GAS6 on FA turnover by live cell imaging. The GAS6-mediated decrease in FA disassembly 

time and lifetime was not observed in PEAK1 knockdown GFP-PXN expressing MDA-MB-

231 cells (Fig. 3.7f, g; Supplementary Information, Fig. 3. S5h), suggesting that AXL’s 

regulation of FA turnover is mediated by PEAK1. 
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Figure 3.7 PEAK1, in complex with CSK, regulates FA turnover by PXN 

phosphorylation downstream of AXL.  

(a) PXN phosphorylation is PEAK1-mediated in TNBC cells. Hs578T and MDA-MB-231 cells were transfected with 100nM 

siCTRL or siPEAK1 and their lysates were used for anti-PXN immunoprecipitation. Phosphorylation levels of PXN were 

analyzed via western blotting. (b) PEAK1 expression increases PXN phosphorylation. Lysates of 293T cells expressing the 

indicated plasmids were used for anti-GFP immunoprecipitation. Levels of PXN phosphorylation is detected via western 

blotting. (c) PEAK1 interacts with CSK in an AXL dependent manner. Lysates of MDA-MB-231 cells treated or not with 1μM 

R428 were used for anti-CSK immunoprecipitation. PEAK1 levels in the IP were analyzed via western blotting. (d) Lysates of 

293T cells transfected with the indicated plasmids were subjected to anti-GFP immunoprecipitation. GFP-PXN phosphorylation 

levels were detected via western blotting. (e) Lysates of 293T cells transfected with the indicated plasmids were subjected to 

anti-GFP immunoprecipitation. GFP-PXN phosphorylation levels were detected via western blotting. (f-g) AXL modulation of 

FA turnover is PEAK1-mediated.  Quantification of assembly and disassembly time (f) and lifetime (g) of the FAs of GFP-PXN 

expressing MDA-MB-231 cells. *** P < 0.001, ** P < 0.005 (g), ** P <0.01 (f).  

 

AXL/PEAK1 coordinates the recruitment of the FA turnover machinery to PAXILLIN 

FAs 

Since AXL activity led to the modulation of FA disassembly rate, we investigated whether this 

modulation is due to the recruitment of the disassembly complex machinery to FA. FA turnover 

is mediated by the recruitment of β-PAK1-interacting guanine-nucleotide exchange factor 

(βPIX)/GIT1/PAK1 complex into PXN FAs to induce disassembly of the FA structure [380, 

464, 465]. Interestingly, our phospho-screen data revealed βPIX to be modulated by GAS6-

induced AXL activation on S703, which falls on its RhoGEF domain (Appendix 1.  Dataset I). 

Additionally, we found GAS6-mediated activation of AXL promotes PAK kinases activation 

while its inhibition by R428 decreases it (Supplementary Information, Fig. 3. S6a), 

suggesting that AXL modulation of βPIX/GIT1/PAK1 complex phosphorylation levels may 

regulate their recruitment and activity at FA sites. To determine if AXL modulates FA turnover 

by regulating the recruitment of this complex to FAs, we stained MDA-MB-231 cells, treated 

with R428, GAS6 or transfected with siAXL, for either GIT1 or βPIX, and assessed their 

localization at PXN FAs. Even though the number of PXN FAs is higher, a significant decrease 

in βPIX/GIT1 recruitment to PXN FAs upon R428 treatment or knockdown of AXL was 

observed, whereas GAS6 treatment increased the recruitment of this complex to the FA sites 

(Fig. 3.8a, b; Supplementary Information, Fig. 3. S6b, c). This suggests that AXL activity 

may induce FA turnover by modulating the recruitment of βPIX/GIT1/PAK1 complex to FA 
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sites. Similarly, knockdown of βPIX/GIT1/PAK1 and CDC42, a known target of βPIX and an 

activator of PAK kinases [466-468], in TNBC cells led to an increase in FA number and 

mechanistically to a slower disassembly, similar to what was observed previously with AXL 

inhibition. (Supplementary Information, Fig. 3. S6d, e). These results strengthen the 

connectivity and causality between AXL and βPIX/GIT1/PAK1 complex, signaling in a similar 

mechanism to promote FAs disassembly. 

 

We hypothesized that CRKII-induced FA turnover could be mediated by PEAK1, where 

PEAK1 may function as a scaffold to coordinate the recruitment of the βPIX/GIT1/PAK1 

complex to phospho-PXN downstream of AXL. In fact, complex formation between PEAK1 

and βPIX or GIT1 was detectable (Fig. 3.8c; Supplementary Information, Fig. 3. S6f), and 

modulating PEAK1 expression levels via siRNA in MDA-MB-231 cells revealed a decrease in 

GIT1 recruitment (Fig. 3.8d-g) and βPIX localization to PXN FAs (Supplementary 

Information, Fig. 3. S6g, h). These data support a model where AXL signaling promotes the 

recruitment of the βPIX/GIT1/PAK1 into PXL focal adhesion through the CRKII/PEAK1 

module. 
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Figure 3.8 AXL/PEAK1 complex regulate recruitment of FA disassembly complex.  

(a) Representative confocal images of MDA-MB-231 cells treated with DMSO or 1μM R428, transfected with 100nM of 

siCTRL or siAXL or serum-starved and treated with GAS6 for 20min. Cells were stained for PXN (green), GIT1 (red) and Dapi 

(blue). Dashed boxes are used to depict the location of the zoomed images. (b) Quantification of the mean grey value of GIT1 

at PAXILLIN positive FAs shown in (h). *** P < 0.0001. Scale bar, 20μm. (c) PEAK1 interacts with GIT1. Lysates of 293T 

cells expressing the indicated plasmids were used for anti-Myc immunoprecipitation. Levels of Flag-GIT1 is detected via 

western blotting. (d) PEAK1 regulates GIT1 localization at FA sites Representative confocal images of MDA-MB-231 cells 

transfected with either 100nM siCTRL or siPEAK1. Cells were stained for GIT1 (green) and PXN (red). (e) Quantification of 

the mean grey value of GIT1 at PXN-FAs shown in (h). *** P < 0.0001. (f) PEAK1 expression levels modulate GIT1 

recruitment to FA sites. Representative confocal images of MDA-MB-231 cells transfected with 100nM siCTRL or siPEAK1. 

PLA kit was used to analyze the localization of GIT1 at PXN-FAs. (g) Quantifications of the number of PLA signals per cell 

per condition. *** P < 0.01 (n=3 experiments, 15 cells per condition per experiment). Scale bar, 20μm. 

 

Genetic inactivation of PEAK1 in TNBC cells decreases their tumor growth and metastasis 

in vivo   

To assess the function of this pseudo-kinase in an in vivo context, we generated CRISPR-Cas9 

PEAK1 knockout in MDA-MB-231 luciferase-expressing cells (PEAK1 KO) (Fig. 3.9a). 

PEAK1 KO cells displayed decreased ability to migrate and invade in comparison to control 

cells (Supplementary Information, Fig. 3. S7a, b). To investigate if PEAK1 plays a role in 

tumor growth and metastasis in vivo, PEAK1 KO cells from two different sgRNAs as well as 

control cells were injected into mammary fat pads of nude mice and tumor growth was followed 

for 4 weeks (Fig. 3.9b). PEAK1 KO cells showed delayed tumor growth, which was 

recapitulated in vitro in 2D and tumorsphere assays (Fig. 3.9c; Supplementary Information, 

Fig. 3. S7c-f). Mice bearing KO tumors for PEAK1 showed no lung metastases when compared 

with mice harboring wildtype tumors (Fig. 3.9d). The number of Circulating Tumour Cells 

(CTCs) was lower in mice bearing PEAK1 KO tumors in comparison to mice harboring 

wildtype tumors (Fig. 3.9e). To bypass the primary tumor growth defect, we conducted an in 

vivo experimental metastasis assay by injecting MDA-MB-231-Luc wildtype or PEAK1 KO 

cells into the lateral tail vein of nude mice. Metastasis progression was followed for 7 weeks by 

bioluminescence imaging. Knockout of PEAK1 in MDA-MB-231-Luc cells significantly 

repressed the ability of the cells to colonize lungs (Fig. 3.9f, g). Collectively, these data suggest 

that PEAK1 is required for both tumor growth and metastasis in TNBC cellular model. 



 

166 

 

Figure 3.9 PEAK1 expression regulates tumor growth and metastasis of TNBC in 

vivo.  

(a) Lysates of MDA-MB-231-Luc CRISPR PEAK1 knockout clones. (b) Representative in vivo bioluminescent images of fat-

pad injected mice with MDA-MB-231-Luc WT or CRISPR PEAK1 KO cells 4 weeks post-injection. (c) Bioluminescence 

quantification of tumor growth at different weeks post-injection of mice bearing MDA-MB-231-Luc WT (n=5), PEAK1 KO1 

(n=5) or PEAK1 KO2 (n=5). (d) Representative bioluminescent lung images of mice shown in (b). For the lungs of the mice 

bearing CRISPR PEAK1 KO tumors, lungs were dissected once the tumor reached the size of the WT tumors. (e) Circulating 

tumor cells isolated from mice-bearing MDA-MB-231-Luc WT or PEAK1 KO mammary tumors. *** P < 0.0001 (n=5 for each 

group). (f) PEAK1 regulates metastasis of TNBC cells in vivo. Representative in vivo bioluminescent images of tail-vein 

injected mice with MDA-MB-231-Luc WT or CRISPR PEAK1 KO cells 1hr and 7 weeks post-injection. (g) Bioluminescence 

quantification of lung metastases 7 weeks post-injection of mice bearing MDA-MB-231-Luc WT (n=8), PEAK1 KO1 (n=8) or 

MDA-MB- PEAK1 KO2 (n=8). * P < 0.05.  
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Figure 3.10 Schematic model of AXL and EGFR signaling in a cancer cell, where 

EGFR modulates adheren junctions and AXL modulates the FA turnover.  

Upon EGF stimulation, EGFR induces the expression of MMPs to degrade the adheren junctions. Once cell-cell contact is lost, 

AXL activation by GAS6 or EGFR can lead to the modulation of FA turnover at the rear or front end of the cell. In specific, 

AXL directly phosphorylates NEDD9 to recruit its complex formation with PTK2 and CRKII. Simultaneously, AXL can 

phosphorylate (directly or indirectly) PEAK1, in complex with PRAG1 and CRKII, and recruit 

PTK2/NEDD9/CRKII/PEAK1/PRAG1 to PXN positive FAs. Upon PEAK1 phosphorylation, CSK is recruited to 

PEAK1/PRAG1 complex at FAs to induce tyrosine phosphorylation of PXN. In addition, PEAK1 can also recruit βPIX/GIT1 

complex to PXN positive FAs to induce FA disassembly and hence turnover. 
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Discussion 

The current view of AXL signaling is limited to the activation of downstream signaling 

intermediates shared with other RTKs [469], such as AKT, which fails to explain the unique 

pro-invasion influence of AXL. By performing an AXL phosphoproteomic screen, we explain 

how this RTK, in comparison to EGFR, facilitates cancer cell invasion and metastasis by 

strongly modulating the biological process of FA turnover. We report that AXL can be detected 

at FAs, and further work is required to determine how AXL traffics to these structures. At a 

molecular level, AXL activation leads to a modulation of the FA complex NEDD9/CRKII and 

their novel partner PEAK1. We reveal that phosphorylated PEAK1 at PXN FA sites is a major 

mediator of PXN tyrosine phosphorylation, via its complexing with PRAG1 atypical CSK-

associated kinase activity. This recruits the FA disassembly complex βPIX/GIT1/PAK1 and 

ultimately increases FA turnover (Fig. 3.10). PRAG1 recently found to engage in a 

phosphotyrosine-dependent interaction with CSK, promotes CSK kinase activity, yet no specific 

substrate was identified [462]. Here, we find that PEAK1, in complex with PRAG1, 

phosphorylates PXN in a CSK-dependent manner, revealing the first specific substrate for this 

atypical pseudo-kinase/kinase complex. Interestingly, EPHA2 was found to be phosphorylated 

by AXL from our phosphoproteomic data and to interact with wildtype PEAK1 and not mutant 

from our BioID data. A recent study has shown EPHA2 signaling to promote cell motility by 

modulating FA dynamics [470].  This suggests that AXL may heterodimerize and transactivate 

EPHA2 to mediate PEAK1 phosphorylation and modulate FA turnover. Similar to AXL, 

PEAK1 expression in many cancer models correlates with mesenchymal features, disease 

relapse and therapy resistance [471, 472]. Developing strategies to interfere with a pseudo-

kinase such as PEAK1, for example by pharmacologically targeting its bound kinases, may 

prove useful to block cell invasion and metastasis.  

 

The effects of AXL activation are not limited to FA dynamics. We have also revealed links to 

regulation of the actin cytoskeleton, GTPase regulation, and phagocytosis. It will be important 

to compare the activation of these other networks by AXL and other RTKs and to probe their 

function in cell invasion. In addition, we used soluble GAS6 as a tool for AXL activation. Other 

sources of GAS6 can also be used such as PS liposomes that are bound to GAS6, where AXL 
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interaction with GAS6 can mediate its uptake in the cells to activate AXL [49, 51]. The 

experimental model that we chose here, namely activation of AXL by its ligand GAS6, has the 

advantage of being controllable in vitro, yet it is most likely a simplified model of the diversity 

of interactions that AXL can engage in at the cell surface to become activated. For instance, a 

pool of AXL is reported to co-signal with EGFR in TNBC cells to diversify signaling [57, 473]. 

Overall, defining the phosphoproteome of EGFR/AXL in the future may reveal additional 

therapeutic targets to limit metastasis.  
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Methods 

 

Cell culture, treatments, transfections, and infections 

MDA-MB-231, Hs578T, HEK293T (293T), and Hela cells were cultured in DMEM, 

supplemented with 10% fetal bovine serum (Gibco) and 1% Penicillin/streptomycin antibiotics 

(Wisent). Flp-InTM T-RExTM 293 cells were obtained from Life technologies. MDA-MB-231, 

Hs578T and Hela cells were obtained from ATCC and were transfected using Lipofectamine 

2000 (Invitrogen) according to manufacturer instructions. 293T cells were transfected using 

Calcium phosphate. MDA-MB-231 and Hs578T cells were serum starved overnight prior to 

treatment with GAS6 recombinant media for the indicated time. These cells were also treated 

with 1μM R428 (Apexbio) for 1 hr.  siRNA transfections were performed at a concentration of 

100μM for 72 hours using the siRNA indicated in Table 3. SII. Lentiviral and retroviral 

infections were carried out by transfecting 293T cells using the plasmids indicated in Table 3. 

SIII. Viral supernatants were harvested 24hrs later and added to MDA-MB-231 cells in the 

presence of 10μg/mL of polybrene.   

 

Plasmids 

The plasmid pcDNA-hGAS6-His, a kind gift from Dr. Eric Maser, was used to generate 

pcDNA5-pDEST-hGAS6-His by Gateway cloning system using the primers indicated in Table 

3. SIV, to produce the GAS6 conditioned media. pEGFP-NEDD9 and pcDNA3.1-HA-NEDD9 

were a kind gift from Dr. Erica Golemis and were used to generate pcDNA5-pDEST-BirA*-

Flag-N-ter NEDD9 by Gateway cloning system using the primers indicated in Table 3. SIV. 

pEGFP-NEDD9 was also used to generate pGEX4T1-hNEDD9 SD and pGEX4T1-hNEDD9 

CT using the primers indicated in Table 3. SIV by Gibson Assembly cloning system. pOG44 

and pcDNA5-pcDEST-BirA-Flag-N-ter were a kind gift from Dr. Anne-Claude Gingras to 

generate all BioID stable cell lines. pCIS2-HA-DOCK3 was a kind gift from Dr. David 

Schubert. pCMV-sport6-mouse AXL-WT was a kind gift from Dr. Rob Screaton. pRetroX-

Sgk269 WT[458] was used to generate pcDNA5-pDEST-BirA*-Flag-N-ter PEAK1 WT, 
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pcDNA5-pDEST-BirA*-Flag-N-ter PEAK1 3PA, and pCS-6Myc-hPEAK1 using Gateway 

cloning system. pCS-6Myc-hPEAK1 3PA and pCS-6Myc-hPEAK1 Y531F were generated by 

site-directed mutagenesis using the primers indicated in Table 3. SIV. pCMV5-HA- ARHGEF7 

was a kind gift from Dr. Liliana Attisano. pGEX2TK GST-PXN 1-313 and pGEX2TK GST-

PXN 329-559, used in PXN in vitro kinase assay were generated as previously described [474]. 

pXM139-CSK was generated as previously described [475]. 

 

Stable Isotope Labelling by Amino acids in Cell culture (SILAC) 

Hs578T cells were seeded in equivalent amounts for 50% confluency and let adhered to the 

plate. 24hrs later, media was changed in one plate with SILAC heavy media (500mL Arginine 

and Lysine free media (Cambridge isotope cat no. DMEM-500), 10% dialyzed fetal bovine 

serum (Invitrogen Cat no. 26400-036), 1% Penicillin/streptomycin antibiotics (Wisent), 50mg 

Proline (Cambridge Isotopes cat no. ULM-8333-0.1), 0.4mM heavy Arginine (Cambridge 

Isotopes cat no. CNLM-539-H-0.25), 0.275mM heavy Lysine (Cambridge Isotopes cat no. 

CNLM-291-H-0.25)) and the other with SILAC light media (500mL Arginine and Lysine free 

media (Cambridge isotope cat no. DMEM-500), 10% dialyzed fetal bovine serum (Invitrogen 

Cat no. 26400-036), 1% Penicillin/streptomycin antibiotics (Wisent), 50mg Proline (Cambridge 

Isotopes cat no. ULM-8333-0.1), 0.4mM Arginine (Cambridge Isotopes cat no. ULM-8347-

0.1), 0.275mM heavy Lysine (Cambridge Isotopes cat no. ULM-8766-0.1)). Cells were 

passaged for 8 passages for heavy/light amino acids incorporation. The cell labeling was 

validated via mass spectrometry to have 99.9% incorporation.  

 

SILAC sample preparation  

SILAC cells were serum starved in Serum-free media for 24 hours. Heavy labeled cells were 

then treated with GAS6 recombinant media for 5, 10, or 20min and light labeled cells were 

treated with control media for the same time points. Cells were lysed with Urea lysis buffer (8M 

Urea (Sigma), 20mM HEPES pH 8.0, 10mM NaF, 1mM Na4P2O7, 1mM NA3VO4, 1X complete 

protease inhibitor). Lysates were sonicated 3x at 30% amplitude for 30 seconds and cleared by 

centrifugation. Proteins were quantified via BioRad DCTM Protein Assay reagents. An equal 
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quantity of proteins was mixed (light and heavy) for each time point. A total of 3mg or 20mg of 

protein was trypsin digested for the TiO2 enrichment or pY100 immunoaffinity bead 

immunoprecipitation, respectively.  

 

Trypsin digestion 

Trypsin digestion was performed by adding 10 µl of trypsin to each sample (1 µg of trypsin 

[T6567-5×20µg, Sigma] in 200 µl of 20 mM Tris-HCl, pH 8.0). Beads (BioID) and whole 

lysates (Phosphoproteomics) were incubated at 37°C on a rotator for ~15-16 h. Next day, 1 µg 

of trypsin was added again for an additional 2h of trypsin digestion and samples were 

centrifuged for 1 min at 2000 RPM at RT. The supernatant was kept in a separate tube and beads 

were washed twice with 100 µl of water (8801-7-40, 4L, Caledon), while each supernatant was 

pooled with the collected supernatants. Formic acid (94318-250ml, Sigma) was added to the 

solution at a final concentration of 5%. Samples were centrifuged for 10 min at 16 000 g at RT. 

The supernatant was transferred and dried in a SpeedVac during 3h at 30°C. Samples were then 

resuspended in 15 µl of formic acid (5%) and stored at -80°C.  

 

Phosphopeptide enrichment 

For TiO2 enrichment, titanium dioxide beads (Canadian Life Science) were resuspended in 

binding solution (80% Acetonitrile, 3%TFA, 290mg/mL DHB (Sigma) to have a final 

concentration of 200μg/μL. Digested peptides are also resuspended in 200μL of binding 

solution. Bead slurry (beads + binding solution) is added to the peptide solution in 1:2 ratio 

protein: beads (3mg of peptides:6mg of beads). The peptide-beads solution is incubated on a 

rotator for 30min at room temperature. Beads were then centrifuged at 5000xg for 1min and 

washed 3x with 75μL of 30% ACN, 3%TFA. Another 3 washes were carried out with 75μL of 

80% ACN, 0.3%TFA. Beads are then eluted 2x with 75μL of 15%NH4OH, 40% ACN. Eluted 

peptides are then dried by speed vacuuming for 2hrs. For phosphotyrosine enrichment, 

PTMScan® Phospho-Tyrosine Rabbit mAB (p-Tyr-1000) kit (Cell Signaling) was used 

according to manufacturers’ instructions. TiO2 enrichment and pY100 immunoaffinity 

precipitation were done in two biological independent replicates.  
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Phosphoproteomics 

Phosphopeptides were analyzed by nano-LC-MS/MS on an Orbitrap Fusion (ThermoFisher 

Scientific, Bremen, Germany). A 120 minutes gradient was applied for the LC separation and 

standard proteomics parameters were used for a shotgun top 22 analysis and MS3 scanning upon 

detection of a phosphoric acid neutral loss. Phosphoprotein identifications and phospho-

modulation analyses were performed using MaxQuant [476] (version 1.6.1.0) against the human 

RefSeq protein database (version July 29, 2016) and we considered as modulated phosphosites 

showing a normalized Log2 (Avg (H/L ratio)) ≤ -0.5 or ≥ 0.5 at either 5, 10 or 20 minutes. We 

compared our AXL phosphoproteomic data to a combination of two EGFR phosphoproteomic 

studies [451, 452]. This comparison was performed on AXL and/or EGFR phospho-modulated 

proteins showing a normalized Log2 (Avg (H/L ratio)) ≤ -0.5 or ≥ 0.5 at either time points.  

 

Proximity-dependent biotin identification (BioID) 

BioID experiments were carried out as described previously [477, 478]. Briefly, Flp-InTM T-

RExTM 293 cells were engineered to express BirA*-Flag-NEDD9,  BirA*-Flag-PEAK1 WT, 

BirA*-Flag-PEAK1 3PA or the control BirA*-Flag-EGFP in a Tetracycline-inducible manner 

(1 µg/ml) by transfecting Flp-InTM T-RExTM 293 cells with 2μg of pOG44 and 500ng of BirA*-

Flag-NEDD9 or BirA*-Flag-PEAK1 using Lipofectamine 2000 (Invitrogen). Cells were then 

selected by Hygromycin for 12 days. Positive clones were grown in two 15-cm plates prior to 

treatments with Tetracycline and biotin (50 µM). After 24h of treatments, cells were harvested 

at ~90-95% confluence. The medium was discarded, the cells were washed with 5 ml ice-cold 

PBS and scraped from the plates to be transferred into 15 ml tubes. Tubes were centrifuged for 

5 min at 500g at 4°C. This washing step was repeated two times and cell pellets were kept at -

80°C. Later, a 50-ml stock of RIPA buffer was prepared and supplemented with 500 µl of 100 

mM PMSF (P7626-1G, Sigma), 50 µl of 1M DTT (15508013, 5 g, Thermo Fisher) and 100 µl 

of protease inhibitor (P8340-1ml, Sigma). Cell pellets were thawed, resuspended in 1.5 ml of 

supplemented RIPA buffer and 1 µl of benzonase (71205-3, 250 U/µl, EMD Millipore) was 

added into each sample. Samples were sonicated three times during 30 secs at 30% amplitude 
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with 10-sec bursts and 2 seconds of rest in between. Samples were then centrifuged for 30 min 

at 16 000 g at 4°C. After centrifugation, 20 µl of supernatant was kept to evaluate levels of 

protein expression and biotinylation by immunoblotting. The remaining lysate was incubated 

with 70 µl of pre-washed streptavidin beads (17-5113-01, 5 ml, GE Healthcare) during 3 h on a 

rotator at 4°C. Samples were centrifuged for 1 min at 2000 RPM at 4°C and the supernatant was 

discarded. Beads were washed three times with 1.5 ml of RIPA buffer and centrifuged for 1 min 

at 2000 RPM at 4°C. Beads were washed three times by resuspending in 1 ml of 50 mM 

Ammonium Bicarbonate (ABC) (AB0032, 500G, Biobasic) and centrifuged for 1 min at 2000 

RPM and 4°C. Samples were trypsin-digested (see Trypsin digestion method) and injected into 

an Orbitrap Velos Mass Spectrometer (Thermo Fisher). Peptides search and identification were 

processed using the Human RefSeq database (version 57) and the iProphet pipeline [479] 

integrated into Prohits [480]. The search engines were Mascot and Comet, with trypsin 

specificity and two missed cleavage sites allowed. The resulting Comet and Mascot search 

results were individually processed by PeptideProphet [481], and peptides were assembled into 

proteins using parsimony rules first described in ProteinProphet [482] into a final iProphet [479] 

protein output using the Trans-Proteomic Pipeline. For each duplicated bait, we used 

SAINTexpress (version 3.6.1, nControl:4, fthres:0, fgroup:0, var:0, nburn:2000, niter:5000, 

lowMode:0, minFold:1, normalize:1, nCompressBaits:2) on proteins with iProphet protein 

probability ≥ 0.85 with unique peptides ≥ 2, and considered statistically significant NEDD9 or 

PEAK1 interactors displaying a BFDR threshold ≤ 0.02 against 4 biological replicates of the 

BirA*-Flag-EGFP control. Prey’s abundance was normalized by applying the SAF [483] 

(Spectral Abundance Factor) method. The SAF metric was calculated by dividing the protein’s 

spectral count on the protein’s length (from UniProt). We used ProHits-viz [484] to generate 

dot blot analyses.  

 

Bioinformatics analyses 

All proteomics data were imported into a local MySQL database. Graphical representations of 

protein-protein networks were generated with Cytoscape[485] (version 3.6.1) using the 

application GeneMANIA [486] (version 3.4.1 and its human database version 13 July 2017) or 

the built-in PSICQUIC client by merging networks generated from Intact, Mint, Reactome and 
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UniProt databases. Each protein was annotated in Cytoscape by importing the Gene Ontology 

Annotation Database (GOA) [487] and our phospho-modulation values, in order to identify 

relevant phospho-modulated functions. We also identified phosphatases and kinases families by 

importing the Phosphatome [488] and Kinome [489] classifications. Functional enrichment 

analyses of identified interactors were assessed with g: Profiler [490] against the Gene Ontology 

and KEGG [491] databases with moderate hierarchical filtering and by applying a statistical 

correction with the Benjamini-Hochberg FDR method. Dot plots of over-represented KEGG 

pathways (p-value cutoff = 0.05) were generated with the ClusterProfiler [492] package in R 

(www.r-project.org). Profiling of kinetic phosphorylation patterns was performed by fuzzy c-

means clustering on modulated phosphosites (localization probability ≥0.7), in the R 

environment using the MFuzz package [493] with optimized parameters [494].  By using the 

mestimate function, we settled the appropriate fuzzifier parameter at 2.881.  After establishing 

the right fuzzifier parameter, we evaluated the optimal number of clusters with the function 

Dmin by calculating the minimum distance between centroids from a range of 2 to 16 clusters 

with an increment of 1, and we established at six the optimal number of clusters. After filtering-

in the six clusters’ core at a membership value ≥ 0.5, we extracted a window of 17 amino acids 

surrounding each clustered phosphosites and characterized, with the probability logo generator 

pLogo [495], overrepresented sequence motifs matching known kinases substrate recognition 

motifs.       

 

Production of PEAK1 KO cells via CRISPR/CAS9-mediated gene targeting  

MDA-MB-231 cells were infected with the CAS9 plasmid cited in Table 3. SIII and selected 

with 10μg/mL Blasticidin for 10 days. MDA-MB-231-CAS9 cells were then infected separately 

with three different sgRNA plasmids described [496] in Table 3. SIII. These cells were selected 

with 1 μg/mL Puromycin for 3 days and were isolated in single cells in 2- 96 well plates. Single 

clones for each knockout were grown to maintain a homogenous pool of PEAK1 knockout cells.  

After testing multiple clones, we chose two clones for each knockout to further validate them. 

Cells that survived and grew colonies were tested for their efficiency of PEAK1 deletion via 

western blotting. To generate cells that are Luciferase positive, we infected the MDA-MB-231-

CAS9 control and MDA-MB-231-CAS9 PEAK1 knockout cells with a luciferase plasmid 
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mentioned in Table 3. SIII. Cells were selected with 500μg/mL Hygromycin for 5 days. For 

animal experiments, 2 clones (A and B) of 2 (KO1 and KO2) out of the 3 different PEAK1 

sgRNA knockout cells were mixed to create PEAK1 knockout pools (KO1 and KO2) to increase 

the heterogeneity of the model and decrease the specific off-target effects by the different 

sgRNA.  

 

Immunofluorescence confocal microscopy 

Cells plated on glass coverslips were fixed with 4% Paraformaldehyde (PFA) and permeabilized 

in 0.1% Triton in PBS. Cells were blocked with 2% BSA in 0.1% Triton and incubated with the 

indicated antibodies for one hour at room temperature. Cells were then washed 3 times with 

0.1% Triton in PBS and incubated with the corresponding secondary antibody for 30min at room 

temperature. Following this incubation, cells were washed again 3 times with 0.1% Triton in 

PBS and stained for Phalloidin using the indicated antibody in Table 3. SI for 30min at room 

temperature. Cells were washed 3 additional times with 0.1% Triton in PBS and coverslips were 

mounted on slides using SlowFade Gold reagent (Invitrogen). Pictures were acquired with Zeiss 

LSM710 confocal microscope at objective 63X. Experiments were done in triplicates and 15 

cells were used per condition per experiment for quantifications. 

 

Proximity Ligation Assay (PLA) 

Cells plated on glass coverslips were fixed, permeabilized, blocked and incubated with the 

indicated antibodies as mentioned in immunofluorescence. Proximity ligation assay was then 

performed using DuoLink in situ PLA detection kit (Sigma). Hybridization with PLA probes 

(plus and minus) for rabbit and mouse, ligation and amplification of the PLA signal were 

performed according to manufacturer instructions. Images were taken using Zeiss LSM710 

confocal microscope at objective 63X. PLA signal was quantified per cell using ImageJ 

software. PLA signal is depicted in green and Phalloidin in red. Experiments were done in 

triplicates and 15 cells were used per condition per experiment for quantifications. 
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Boyden migration and invasion assay 

Boyden assays were performed using 8 µm pores Boyden Chambers (24-well, Costar). For the 

invasion assays, upper chamber was coated with 6 µL of Matrigel (BD Biosciences) dissolved 

in 100 µL of DMEM. Cells were detached and washed with DMEM 0.1% BSA. 100,000 cells 

were seeded in the top chamber and allowed to migrate for 6hrs (migration) or 16hrs (invasion) 

toward the bottom chamber containing 10% FBS. Upper and lower chambers were then washed 

with 1xPBS and cells on the bottom side of the chamber were fixed with 4% PFA. Cells in the 

upper chambers were removed using cotton swabs and the membrane was mounted on a glass 

slide using SlowFade Gold reagent (Invitrogen). The average number of migrating cells in 10 

independents 20× microscope fields were evaluated, and each experiment was performed in 

triplicates. 

 

MTT proliferation assay 

MDA-MB-231 cells were plated in 96well plate 5000 cells/100μL of regular culture media in 5 

replicates (wells) for each cell type. 5-96well plates were plated for 5 different days of reading. 

MTT reaction mix (2.5mM MTT (Invitrogen), 15nM HEPES, red-phenol free and FBS free 

DMEM) was added to each well and incubated for 4hrs at 37 degrees for MTT incorporation. 

To stop the MTT reaction, stop solution (2% DMSO, 0.1M Glycine pH11) was added to each 

well for 5 min and the plate was read in an ELISA reader at 540nm wavelength. For the different 

day reading, the MTT reaction mix was added to the plate at the same time as the previous days 

for consistency. This experiment was performed in three independent replicates.   

 

Tumorsphere formation Assay 

MDA-MB-231 cells were plated in low adherence in DMEM/F12 media supplemented with 

0.4% FBS, EGF (20ng/mL), FGF (10 ng/mL), Insulin (5 µg/mL) and B27 supplement 

(Invitrogen 17504-044) as described in (Lo et al., 2012). One week later, the quantification of 

tumorspheres formed was conducted using a DM IRE2 microscope (Leica).  
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Immunoprecipitation, GST-pulldown assay, and immunoblotting 

Cells were lysed with either RIPA (50mM Tris pH7.6, 0.1%SDS, 0.5% sodium deoxycholate, 

1%Nonidet P-40, 5mM EDTA, 150mM NaCl, 10mM NaF, 1mM Na4P2O7, 1mM NA3VO4, 1X 

complete protease inhibitor) or 1%NP-40 (15mM NaCl, 50mM Tris pH7.5, 1% Nonidet P-40, 

10mM NaF, 1mM Na4P2O7, 1mM NA3VO4, 1X complete protease inhibitor) buffer and cell 

lysates were cleared by centrifugation. Proteins quantification was performed using DCTM 

Protein Assay reagents (Biorad). For immunoprecipitations, 1mg of protein lysate was incubated 

with the indicated antibody and corresponding agarose beads (Protein A or G) for 3 hrs at 4 

degrees. Immunoprecipitates were then washed with the corresponding lysis buffer and 

denatured in 6X lysis buffer. For GST-pulldowns, 1mg of protein lysate was incubated with the 

corresponding GST-beads for 2 hrs at 4 degrees. Lysates, immunoprecipitates, and GST-

complexes, were run on SDS-electrophoresis acrylamide gels at 180V and transferred on 

Nitrocellulose or PVDF for 3 hrs at 4 degrees at 50V or overnight at 4 degrees at 20V. 

Immunoblots are then blocked with 1% BSA and incubated with the indicated primary 

antibodies, mentioned in Table 3. SI, overnight at 4 degrees or room temperature. Immunoblots 

are then washed with 0.01% TBST three times and incubated with the corresponding secondary 

antibody for 30min at room temperature. Protein signals are then revealed via ClarityTM western 

ECL substrate (Biorad).     

 

GST-protein purification 

A strike of the glycerol stock of the GST-Protein is grown in LB with antibiotics overnight at 

37%. 24hrs later, the bacteria culture is grown in 5x the volume of LB with antibiotics and 0.1M 

IPTG. This culture is then put to shake at 37% for 3hrs. Once the pellet is obtained by 

centrifugation, 4mL of lysis buffer (1xPBX, 1%Triton, 1x complete protein protease inhibitor) 

was used to lyse the cells. After rupturing the cell membranes by sonication 3x of 30s, a cell 

debris pellet is obtained by centrifugation. The supernatant containing the GST-Protein is 

incubated with GST-beads for 1hr to purify the GST-tagged protein. The GST-beads are then 

washed and resuspended in 0.1% PBS Triton. To purify the GST-protein, GST-protein is run on 

a column and is eluted with 10 aliquots of elution buffer (10mM Glutathione, 50mM Tris pH 
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8.0). Eluates are then quantified by Quick StartTM Bradford Dye Reagent (Biorad). Concentrated 

elutes containing protein are pooled and placed into a centrifugal filter unit and centrifuged for 

10min at 4000rpm. The purified protein is collected and stocked at -80 degrees.  

 

Live cell imaging 

MDA-MB-231 cells were transfected with 1.5μg of GFP-PXN. 24hrs later, cells were plated on 

35mm Fibronectin coated glass bottom plates (MatTek Corporation). Once adhered, cells were 

either serum starved for GAS6 stimulation or treated with AXL inhibitor R428 for 1hr at 1uM. 

Cells were then imaged while incubated with GAS6 or R428 using Carl Zeiss Spinning Disk 

Confocal microscopy and ZEN imaging program at 1min intervals for 30min, using the EGFP 

laser (488nm) at 3% strength. Videos and images were obtained using IMARIS 8.0 and analyzed 

via Image J software. The lifetime of the FAs was measured from the time an FA appeared to 

the time it disappeared. FA assembly rate is the time an FA takes to increase in size and intensity. 

Disassembly time is the time it takes an FA intensity decreases. Cells were performed in 

triplicates with 90 FAs followed per condition per experiment[392]. 

 

Animal Experiments 

All animal experiments were approved by the Animal Care Committee of the Institut de 

Recherches Cliniques de Montréal and complied with the Canadian Council of Animal Care 

guidelines. Tail veins and graft experiments were conducted in athymic nude NU/J mice 

obtained from Jackson Laboratories and mice were housed in a specific pathogen-free (SPF) 

facility. 

 

Experimental Metastasis, Mammary Fat Pad Grafts and Bioluminescence Imaging 

Tail veins and fat pad grafts were conducted as in [58]. Briefly, for experimental metastasis 

assay, 106 cells resuspended in PBS were injected in the lateral tail vein of 6-8 weeks old nude 

mice. For fat pad grafts, 106 cells were injected in the mammary fat pad of 3 weeks old nude 

mice. Xenogen IVIS 200 (PerkinElmer) and Living Image 4.2 software were used for 
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bioluminescence imaging. 150mg/kg of Beetle Luciferin (Promega) solution (stock of 15mg/mL 

in PBS) was injected intraperitoneally 10 minutes before imaging and photon flux was 

calculated for each mouse using a region of interest. 

 

Blood Burden Assay (Circulating Tumor Cells (CTCs)) 

The quantification of circulating tumor cells (CTCs) was performed as previously described 

[58]. Briefly, blood was drawn via heart puncture (0.5 mL) with a 25-gauge needle and a 1 mL 

syringe coated with Heparin (100U/mL). Blood was plated in DMEM/F12 20% FBS and media 

were changed every two days. After 8 days, tumor cell colonies in the dish were counted and 

the tumor blood burden was calculated as the total colonies divided by the volume of blood 

taken as described in [497]. 

 

Statistics  

Phosphoproteomic data was done in duplicates (twice for TiO2 enrichments and twice for pY100 

immunoaffinity enrichment). Data are presented as mean ± SEM from at least 3 independent 

experiments. Statistical analyses were performed with the GraphPad Prism Software using the 

Student’s t-test with either paired or unpaired t-test with a two-tailed p-value with 95% 

confidence interval. 
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Figure 3. S1 Overview of the GAS6 phosphoproteome profiling and validations. 

(a) Tetracycline-induced expression of His-GAS6 in the media of Flp-InTM T-RExTM 293 cells. Cells were treated with 

Tetracycline and Vitamin K for 24 hours.  (b) Pearson Correlation Coefficient (r) between biological replicates of phospho-S/T 

and phospho-Y peptides enriched from GAS6-stimulated cells during 5, 10 and 20 min. (c) Pie charts indicating the percentage 

of Serine, Threonine, and Tyrosine phosphorylation sites identified in GAS6 treatment following pS/T and pY peptides 

enrichments. (d) Venn diagram showing the phosphopeptides distributions and overlaps between the three different time points 

of GAS6 stimulation. (e) Enumeration table of phosphoproteins identified at each GAS6 stimulation time point. (f) Log2 ratio 

H/L distribution of pS/T or pY enriched peptides at 5, 10 and 20 min.  
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Figure 3. S2 Dot plot representation of significantly enriched KEGG pathways of GAS6 

regulated phosphoproteins at the three different time points of stimulation 

Circle sizes represent the number of regulated phosphoproteins associated with the specific pathway and the color of the circle 

represents the significant adjusted p-value. 
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Figure 3. S3 AXL modulates FA turnover in Hs578T cells 

(a) AXL regulates the number of FAs. Representative confocal images of Hs578T cells either treated with DMSO or 1μM R428, 

transfected with 100nM of siCTRL or siAXL or serum-starved and treated with GAS6 for 20min. Cells were stained for PXN 

(green) and Dapi (blue). (b) Quantification of the FA number per cell depicted in (a). ** P < 0.005 *** P < 0.0001 (n=3 

experiments with 30 cells per condition). (c-d) Quantification of FA lifetime (c) and their assembly and disassembly time (d) 

of Hs578T cells transfected with GFP-PXN either treated with DMSO or 1μM R428, transfected with 100nM of siCTRL or 

siAXL or serum-starved and treated with GAS6 for 20min. *** P < 0.0001, * P < 0.05 (n=3 experiments with 90 FAs followed 

per condition).  
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Figure 3. S4 AXL modulates NEDD9 phosphorylation levels in vitro and its complex 

formation 

(a) NEDD9 constructs used for the Invitro kinase assay. (b) AXL phosphorylates NEDD9 in vitro. Lysates of 293T cells 

expressing AXL WT or KD (kinase dead) were used for anti-AXL immunoprecipitation. AXL immunoprecipitates were 

subjected to an in-vitro kinase assay using the constructs shown in (a) as substrates, in the presence of either AXL inhibitor 

(1μM R428) or Src inhibitor (5μM PP2). NEDD9 phosphorylation levels were detected via western blotting. (c) AXL 

phosphorylates NEDD9 in 293T cells. Lysates of 293T cells expressing indicated plasmids and treated with either DMSO, R428 

or PP2 were subjected to anti-NEDD9 immunoprecipitation. Co-immunoprecipitates were detected via western blotting. (d) 

AXL kinase activity regulates NEDD9 complex formation with CRKII/DOCK3. Lysates of 293T cells expressing indicated 

plasmids were subjected to anti-Myc CRKII immunoprecipitation. Co-immunoprecipitates were detected via western blotting. 

(e) Boyden migration assay performed with MDA-MB-231 cells transfected with 100nM of siCTRL, siNEDD9 or siCRKII. 

The number of cells migrated was counted via DAPI staining of the membrane. ** P < 0.0001 (n=3, 10 fields used at 10X per 

condition per experiment). (f) Boyden invasion assay performed with MDA-MB-231 cells transfected with 100nM of siCTRL, 

siNEDD9 or siCRKII using Matrigel as a matrix. The number of cells invaded was counted via DAPI staining of the membrane. 

** P ≤ 0.0001 (n=3, 10 fields used at 20X per condition per experiment). (g) RAC1 activation levels are NEDD9 regulated in 

TNBC cells.  MDA-MB-231 cells transfected with 100nM of siCTRL or siNEDD9 were subjected to a RAC activation Assay 

(GST-PAK1 PBD pulldown). RAC activation levels were detected via western blotting. (h) Tetracycline-induced expression of 

BirA-Flag-NEDD9 in Flp-InTM T-RExTM 293 cells. Cells were treated with Tetracycline for 24 hours. (i) A Venn diagram 

comparing the number of NEDD9 interactors detected in the BioID screen versus the previously reported ones.  
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Figure 3. S5 PEAK1 interacts with CRKII and mediates PXN phosphorylation. 

(a) Lysates of 293T cells expressing the indicated plasmids were used for anti-Myc immunoprecipitation. The levels of Myc-

PEAK1 phosphorylation and AXL are detected via western blotting. (b) Tetracycline-induced expression of BirA-Flag-PEAK1 

and BirA-Flag-PEAK1 3PA in Flp-InTM T-RExTM 293 cells. Cells were treated with Tetracycline for 24 hours. (c) Lysates of 

293T cells expressing Myc-PEAK1 WT or 3PA mutant were used for GST-CRKII pulldown. Levels of Myc-PEAK1 is detected 

via western blotting. (d) PEAK1 binds CRKII middle SH3 domain. Lysates of 293T cells expressing Myc-PEAK1 were used 

for GST-CRKII pulldown using the different GST-CRKII constructs. Levels of Myc-PEAK1 is detected via western blotting. 

(e) Representative confocal images of HELA cells transfected with Myc-PEAK1 WT or 3PA mutant. Fixed cells were 

permeabilized and stained for Myc (green), PXN (red) and Phalloidin (grey). (n=3 experiments, 15 cells per condition per 

experiment). Scale bar, 20μm.  (f) Schematic of GST-PXN domains. (g) PEAK1 induces phosphorylation of PXN in vitro. 

Lysates of 293T cells expressing or not Myc-PEAK1 were used for anti-Myc immunoprecipitation. Myc-PEAK1 

immunoprecipitates were subjected to an in-vitro kinase assay using the GST constructs indicated as substrates, shown in 

Coomassie staining. PXN phosphorylation levels were detected via western blotting. The band of interest that corresponds to 

each substrate is indicated with a *.  
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Figure 3. S6 AXL/PEAK1 modulate βPIX/GIT1/PAK complex. 

(a) Modulation of PAK1 phosphorylation by AXL activation or inhibition. Lysates of cells either treated with 1μM R428 for 

one hour or serum starved and treated with GAS6 for indicated time were analyzed with the indicated antibodies. (b) βPIX 

recruitment to FA is AXL modulated. Representative confocal images of Hs578T cells plated on coverslips and either treated 

with DMSO or 1μM R428, transfected with 100nM of siCTRL or siAXL or serum-starved and treated with GAS6 for 20min. 

Cells were then fixed, permeabilized and stained for PXN (green), βPIX (red) and Dapi (blue). Dashed boxes are used to depict 

the location of the zoomed images. (c) Quantification of the mean grey value of βPIX at PXN-FA shown in (b). *** P < 0.0001. 

Scale bar, 20μm. (d-e) Number of FAs is modulated by GIT1/βPIX/PAK1/CDC42/RAC1 expression levels. Quantification of 

the FA number per cell in Hs578T (d) or MDA-MB-231 (e) cells transfected with the indicated siRNA. ** P < 0.005 *** P ≤ 

0.0001 (n=3 experiments with 30 cells per condition).  (f) PEAK1 interacts with βPIX. Lysates of 293T cells expressing the 

indicated plasmids were used for anti-Myc immunoprecipitation. Levels of GFP-βPIX is detected via western blotting. (g) 

PEAK1 regulates βPIX localization at FA sites Representative confocal images of MDA-MB-231 cells transfected with either 

100nM siCTRL or siPEAK1.  PLA kit was used to analyze the localization of βPIX at PXN-FAs. (h) Quantifications of the 

number of PLA signals per cell per condition. ** P < 0.05. 
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Figure 3. S7 PEAK1 is required for wound healing, proliferation and tumorsphere 

formation in vitro. 

(a) Quantifications of MDA-MB-231 CRISPR WT or PEAK1 KO1 or KO2 clones displacement in a wound healing assay. ** 

P < 0.0001 (n=3, 4 fields used at 10X per condition per experiment). (b) Boyden invasion assay performed with MDA-MB-231 

CRISPR WT or PEAK1 KO1 or KO2 clones using Matrigel as a matrix. The number of cells invaded was counted via DAPI 

staining of the membrane. ** P < 0.0001 (n=3, 10 fields used at 10X per condition per experiment). (c) MTT proliferation assay 

done in MDA-MB-231 CRISPR WT or PEAK1 KO1 or KO2 clones. (d) Representative microscopy images of tumorsphere 

formation in MDA-MB-231 CRISPR WT or PEAK1 KO1 or KO2 clones after 7 days. Scale bar, 60μm. (e-f) Quantifications 

of the tumorsphere number (e) and size of the tumorsphere (f) in conditions shown in (d).  ** P < 0.01, *** P < 0.0001 (n=3, 

10 fields used at 40X per condition per experiment). 
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Table 3. SI: List of antibodies 

Name of Antibody Company Catalog # Purpose Dilution 

p-AXL Y702 Cell Signaling 5724 WB 1:500 

p-AKT S473 Cell Signaling 9271 WB 1:1000 

pPAK1 S144/pPAK2 

S141 
Cell Signaling 

2606P WB 1:1000 

PAK1 Cell Signaling 2602 WB 1:1000 

pEPHA2 Y588 Cell Signaling 12677 WB 1:500 

pGSK3B S9 Cell Signaling 5558 WB 1:1000 

pJUN S243 Cell Signaling 2994 WB 1:500 

pMYPT1 T696 Cell Signaling 5163 WB 1:500 

pERK1/2 T202/Y204 Cell Signaling 4376 WB 1:1000 

pCRKII Y251 Abcam ab215751 WB 1:1000 

pPXN Y118 Cell Signaling 2541 WB 1:500 

pVCL Y822 Abcam ab200825 WB 1:500 

pSTMN1 S38 Cell Signaling 4191 WB 1:500 

pCRMP2 T514 Cell Signaling 9397 WB 1:500 

Paxillin BD Transduction 

Laboratories 

612405 WB 1:2000 

Paxillin BD Transduction 

Laboratories 

612405 IF/PLA 1:200 

ΒPix Cell Signaling 4515 IF/PLA 1:100 

GIT1 Cell Signaling 2919 PLA 1:100 

GIT1 Dr. Alan Rick Horwitz - IF 1:100 

Alexa Fluor 633 

Phalloidin 
Thermo Fisher Scientific 

A22284 IF 5:200 

Alexa 488 conjugated 

anti-rabbit 
Thermo Fisher Scientific 

A21441 IF 1:1000 

Alexa 568 conjugated 

anti-mouse 
Thermo Fisher Scientific 

A11031 IF 1:1000 

Alexa 488 conjugated 

anti-mouse 
Thermo Fisher Scientific 

A21200 IF 1:1000 

Alexa 568 conjugated 

anti-rabbit 
Thermo Fisher Scientific 

A11011 IF 1:1000 

AXL Genescript - WB 1:10000 

AXL Cell Signaling 8661 PLA 1:100 

pY99 Santa Cruz sc-7020 WB 1:1000 

CasL Santa Cruz sc-33659 WB 1:1000 

Tubulin Sigma T5168 WB 1:10000 

FAK Santa Cruz sc-558 IF/PLA 1:100 

GFP B-2 Santa Cruz sc-9996 WB 1:2000 

GFP B-2 Santa Cruz sc-9996 IF 1:100 

4G10 HRP EMD Millipore 16-105 WB 1:10000 

HA Y-11 Santa Cruz sc-805 WB 1:1000 

c-Myc 9E10 Santa Cruz sc-40 WB 1:2000 

c-Myc A-14 Santa Cruz sc-789 IF 1:100 

Rac1 EMD Millipore 05-389 WB 1:3000 

Flag M2-HRP Sigma A8592 WB 1:10000 

Sgk269 EB-8 Santa Cruz sc-100403 IF/PLA 1:100 

PEAK1 EMD Millipore 09-274 WB 1:500 

CrkII BD Transduction 
Laboratories 

610035 WB 1:2000 

CrkII BD Transduction 

Laboratories 

610035 PLA 1:100 

Calnexin E-10 Santa Cruz sc-46669 WB 1:1000 

CSK Dr. Andre Veillette - WB 1:1000 

Anti-Mouse HRP Sigma A 4416 WB 1:5000 

Anti-Rabbit HRP Santa Cruz sc-2357 WB 1:8000 

Anti-Goat HRP Santa Cruz sc-2020 WB 1:8000 
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Table 3. SII: List of siRNA  

Name Name Company Sequence 

siNEDD9 siGENOME 

SMARTpool Human 

NEDD9 siRNA 

Dharmacon, GE Healthcare 5’ AGGAACUGGCCUUUCGCAA 3’ 

5’ CUACCAAAAUCAGGGAAUU 3’ 

5’ CCUCUGGACUGAUGCAGCA 3’ 

5’ CCAAGAACAAGAGGUAUAU 3’ 

siPEAK1 siGENOME 

SMARTpool Human 

PEAK1 siRNA 

Dharmacon, GE Healthcare 5’ CCAAAUCUCUCUUUACAUC 3’ 

5’ GCUAAGAGCACACCUAAGA 3’ 

5’ UAUCAAAGUUCCCAUUGUU 3’ 

5’ GAAAGACCCAUCCAUAAAG 3’ 

siAXL ON-TARGETplus 

Human AXL siRNA 

Dharmacon, GE Healthcare 5’ ACAGCGAGAUUUAUGACUA 3’ 

5’ GGUACCGGCUGGCGUAUCA 3’ 

5’ GACGAAAUCCUCUAUGUCA 3’ 

5’ GAAGGAGACCCGUUAUGGA 3’ 

siCRKII siGENOME 

SMARTpool Human 

CRKII siRNA 

Dharmacon, GE Healthcare 5’ GGACAGCGAAGGCAAGAGA 3’ 

5’ GAAUAGGAGAUCAAGAGUU 3’ 

5’ GGUGAGCUGGUAAAGGUUA 3’ 

5’ GGACAAGCCUGAAGAGCAG 3’ 

siCTRL siGENOME Non-

targeting siRNA 

Dharmacon, GE Healthcare 5’ UAGCGACUAAACACAUCAA 3’ 

siGIT1 siGENOME 

SMARTpool Human 

GIT1 siRNA 

Dharmacon, GE Healthcare 5’ GGACGACGCCAUCUAUUCA 3’ 

5’ GCACACCCAUUGACUAUGC 3’ 

5’ GGACGCCACAUCUCCAUUG 3’ 

5’ CCGCACACCCAUUGACUAU 3’ 

siβPIX siGENOME 

SMARTpool Human 

βPIX siRNA 

Dharmacon, GE Healthcare 5’ GGAAGAAGAUGCUCAGAUU 3’ 

5’ GAAGAGCCCUCCCAAAGGA 3’ 

5’ UCAAAGAGCUCGAGAGACA 3’ 

5’ GGAGGGCGAUGACAUUAAA 3’ 

siPAK1 siGENOME 

SMARTpool Human 

PAK1 siRNA 

Dharmacon, GE Healthcare 5’ CAUCAAAUAUCACUAAGUC 3’ 

5’ CAACAAAGAACAAUCACUA 3’ 

5’ AGAAAUACCAGCACUAUGA 3’ 

5’ GUGAAAUGCUCUCGGCUAU 3’ 

siCDC42 siGENOME 

SMARTpool Human 

CDC42 siRNA 

Dharmacon, GE Healthcare 5’ GGAGAACCAUAUACUCUUG 3’ 

5’ GAUUACGACCGCUGAGUUA 3’ 

5’ GAUGACCCCUCUACUAUUG 3’ 

5’ CGGAAUAUGUACCGACUGU 3’ 

siRAC1 siGENOME 

SMARTpool Human 

RAC1 siRNA 

Dharmacon, GE Healthcare 5’ UAAGGAGAUUGGUGCUGUA 3’ 

5’ UAAAGACACGAUCGAGAAA 3’ 

5’ CGGCACCACUGUCCCAACA 3’ 

5’ AUGAAAGUGUCACGGGUAA 3’ 
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Table 3. SIII: List of plasmids 

 Plasmids Purpose Origin 

1 
pDONR221 

The backbone to generate all 

pDONR vectors 
Addgene 

2 pcDNA-hGAS6-His Used to generate #3 Dr. Eric Manser 

3 pDONR221-hGAS6-His Used to generate #4 This study 

4 pDEST-pcDNA5-hGAS6-His Recombinant Gas6 Media This study 

5 pEGFP-NEDD9 Used to generate #9, 12, 13 Dr. Erica Golemis 

6 pcDNA3.1-HA-NEDD9 Immunoprecipitation Dr. Erica Golemis 

7 pcDNA3-NEDD9 Immunoprecipitation Dr. Michel Tremblay 

8 pOG44 NEDD9 BioID Dr. AC Gingras 

9 pDONR221-NEDD9 for N-ter tag Used to generate #11 This study 

10 pcDNA5-pcDEST-BirA-Flag-N-ter Used to generate #11, 32, 33 Dr. AC Gingras 

11 pcDNA5-pDEST-BirA*-Flag-N-ter NEDD9 NEDD9 BioID This study 

12 pGEX4T1-hNEDD9 SD NEDD9 IVK This study 

13 pGEX4T1-hNEDD9 CT NEDD9 IVK This study 

14 pGEX4T1 GST IVK/GST-Pulldown JF Cote Lab 

15 pCIS2-HA-DOCK3 Immunoprecipitation Dr. David Schubert 

16 pCMV-sport6-mouse AXL-WT Immunoprecipitation Dr. Rob Screaton 

17 pCMV-sport6-mouse AXL-KD Immunoprecipitation JF Cote Lab 

18 pcDNA3 FAK D5 HA-Tag Immunoprecipitation JF Cote Lab 

19 
pCS-3MT-6Myc 

Backbone to generate all 

pCS-6Myc vectors 
Addgene 

20 pRetroX-Sgk269 WT Used to generate #27 Dr. Roger Daly 

21 pDONR221-L1-PEAK1 WT (stop)-L2 Used to generate #34, 32 This study 

22 pDONR221-L1-PEAK1 Y531F (stop)-L2 Used to generate #36 This study 

23 pDONR221-L1-PEAK1 3PA (stop)-L2 Used to generate #35, 33 This study 

24 pcDNA5-pDEST-BirA*-Flag-N-ter PEAK1 WT PEAK1 BioID This study 

25 pcDNA5-pDEST-BirA*-Flag-N-ter PEAK1 3PA PEAK1 BioID This study 

26 pCS-6Myc-hPEAK1 Immunoprecipitation This study 

27 
pCS-6Myc-hPEAK1 3PA 

Immunoprecipitation/ 

Immunofluorescence 
This study 

28 pCS-6Myc-hPEAK1 Y531F Immunoprecipitation This study 

29 pECFP-Flag-GIT1 Immunoprecipitation Addgene 

30 pCMV5-HA- ARHGEF7 Used to generate #41 Dr. Liliana Attisano 

31 pEGFP-C2-ARHGEF7 Immunoprecipitation This study 

32 pEGFP-C2 CRKII WT Immunoprecipitation JF Cote Lab 

33 pGEX 4T1 GST-CRKII WT GST-Pulldown JF Cote Lab 

34 pGEX 4T1 GST-CRKII W169L GST-Pulldown JF Cote Lab 

35 pGEX 4T1 GST-CRKII W275L GST-Pulldown JF Cote Lab 

36 pcDNA3-Myc CRKII Immunoprecipitation JF Cote Lab 

37 pEGFP-PAXILLIN Live cell imaging Addgene 

38 pGEX2TK GST-PAXILLIN 1-313 Paxillin IVK Dr. Christopher E. Turner 

39 pGEX2TK GST-PAXILLIN 329-559 Paxillin IVK Dr. Christopher E. Turner 

40 pXM139-CSK Immunoprecipitation Dr. Andre Veillette 

41 pVSV-G Lentiviral infection Dr. Mathieu Ferron 

42 pRSV-Rev Lentiviral infection Dr. Mathieu Ferron 

43 pMDLg/Prre Lentiviral infection Dr. Mathieu Ferron 

44 pCL-Ampho Retroviral infection Dr. Sylvain Meloche 

45 MSCV Luciferase PGK-hygro Stable Luciferase expression Addgene 

46 LentiCas9-Blast Stable Cas9 expression Addgene 

47 PEAK1 gRNA (BRDN0001145890) Crispr PEAK1 KO1 Addgene 

48 PEAK1 gRNA (BRDN0001147244) Crispr PEAK1 KO2 Addgene 
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Table 3. SIV: List of primers 

Oligonucleotide name Oligonucleotide sequence Purpose 

hGas6 Forward 
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTAA 

TGGCCCCTTCGCTCT 3’ 
Gateway Cloning 

hGas6 Reverse 
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTTTCA 

GTGGTGGTGGTGGTGG 3’ 
Gateway Cloning 

hNedd9 SD Forward 
5’ ATCTGGTTCCGCGTGGATCCATGCAGCAGACCT 

TTGGC 3’ 
Cloning 

hNedd9 SD Reverse 
5’ TCACGATGCGGCCGCTCGAGCTGAGCTGGGG 

AGGCTG 3’ 
Cloning 

hNedd9 CT Forward 
5’ ATCTGGTTCCGCGTGGATCCATGGATGACTACG 

ATTACGTCCAC 3’ 
Cloning 

hNedd9 CT Reverse 
5’ TCACGATGCGGCCGCTCGAGTGCCATCTCCAGC 

AAAGAGCGC 3’ 
Cloning 

hNedd9 Forward 
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATG 

AAGTATAAGAATCTTATGG 3’ 
Gateway Cloning 

hNedd9 Reverse 
5’ GGGG AC CAC TTT GTA CAA GAA AGC TGG GTC 

TTAGAACGTTGCCATCTCCAGCA 3’ 
Gateway Cloning 

GFP-PIX Forward 
5’ CGAGCTCAAGCTTCGAATTCATGACCGATAATAG 

CAACAATCAACTGG 3’ 
HiFi Cloning 

GFP-PIX Reverse 
5’ TCAGTTATCTAGATCCGGTGGATCCTTATAGATTG 

GTCTCATCCCAGGCAGG 3’ 
HiFi Cloning 

hBcar3 Forward 
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTCA 

TGGCTGCAGGAAAATTTGCAAG 3’ 
Gateway Cloning 

hBcar3 Reverse 
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTC 

AAAGCTCTGCCTGCTTTACAGG 3’ 

Gateway Cloning 

hPEAK1 WT Forward 
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATG 

TCTGCTTGTAACACCTTTACTGAAC 3’ 

Gateway Cloning 

hPEAK1 WT Reverse 
5’ GGGGACCACTTTGTACAAGAAAGCTGGGTTTCA 

GAGCGGCCGCGT 3’ 

Gateway Cloning 

hPEAK1 ΔN Forward 
5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAT 

GGTGGTCTCTTATGGACAAGG 3’ 

Gateway Cloning 

PEAK1 Y531F Forward 
5’ ATTCGATTCCAAGAAGTATGGACTTCTAGCACCA 

GTCCAC 3’ 
Mutagenesis 

PEAK1 Y531F Reverse 5’ TTCTTGGAATCGAATTGCACTGGATTTTTGGAA 3’ Mutagenesis 

PEAK1 3PA Forward 
5’ CCTACAGCAGCCGCACTGCCAAAGAAGATGATC 

ATAAGAGCCAATACAGA 3’ 
Mutagenesis 

PEAK1 3PA Reverse 
5’ TGGCAGTGCGGCTGCTGTAGGTTGGGAAGCATT 

GGGTGC 3’ 
Mutagenesis 
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Among the members of the receptor tyrosine kinases that are known to be key players 

of cancer biology, AXL receptor tyrosine kinase has been recognized as a promoter of 

tumorigenesis and metastasis in many different cancer types. As mentioned previously, it has 

been correlated with cancer aggressiveness where its dysregulated expression leads to oncogenic 

signaling and has been strongly correlated with poor prognosis of the patients.  In breast cancer 

patients, AXL expression is not exclusive to a specific subtype, however in breast cancer cell 

lines, AXL expression has been limited to TNBC where no expression of AXL was detected in 

luminal or HER2+ breast cancer cell lines [449]. TNBC cell lines display a mesenchymal and 

invasive phenotype and provide an EMT signature that is promoted by AXL expression. In fact, 

AXL expression across multiple tumor types has been associated with EMT, a process that is 

necessary at different steps throughout the invasion-metastatic cascade. Recently, our group has 

defined a central role for AXL in promoting HER2+ breast cancer metastasis in vivo, where 

AXL was required at multiple stages of the metastatic cascade, at intravasation, extravasation 

and metastatic growth [58]. Due to its expression correlation with drug resistance, several 

studies demonstrated that blocking AXL function renders the cells to be more responsive to 

therapy, whether it was chemo- or drug-targeted therapy. This proposes AXL as a potential and 

a promising target for therapy, yet the underlying mechanisms behind its invasive role remained 

elusive. AXL downstream signaling has proven to be very redundant to other RTKs, such as 

EGFR and PDGFR, and the current low resolution of AXL signaling does not justify AXL’s 

invasive role. Hence, in this thesis, we were able to provide insights into why AXL is unique 

among other RTKs to be classified as a robust promoter of cell invasion and metastasis.  

Our work in chapter 2 provides a novel signaling arm downstream of AXL activation 

that can lead to RAC-induced cell invasiveness in TNBC cell lines. Previous work from our 

group and others demonstrated DOCK as a mediator of cancer cell invasion downstream of 

other RTKs such as HER2, EGFR, and PDGFR, where phosphorylation of DOCK1 lead to its 

activation and cancer cell dissemination [286-288]. Since interfering with ELMO and DOCK1 

expression has been shown to impair breast cancer cell invasion and metastasis, these proteins 

seem to be important regulators of RAC-dependent cancer cell invasion. Based on these data, 

we sought to search for kinases that can modulate the phosphorylation of the scaffold protein 
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ELMO, the binding partner of DOCK GEF proteins. Through a series of biochemical assays, 

AXL (along with MER and TYRO3) was found to directly phosphorylate ELMO proteins to 

promote RAC-induced cell invasion. We demonstrated that AXL interaction with ELMO 

proteins and phosphorylation of their carboxyl-terminal tyrosine residue is essential for breast 

cancer cell invasion. Since TNBC cells express ELMO1 and ELMO2 but not ELMO3, and AXL 

phosphorylates both on the same residue, our data suggest that ELMO1 and ELMO2 play similar 

and interchangeable roles in mediating cancer cell invasion. In addition, phosphorylation of 

ELMO by AXL on the specific c-terminal tyrosine residue (Y713 in ELMO2 or Y720 in 

ELMO1) seems to be critical for cancer cell invasion since the rescue of ELMO expression with 

the phospho-mutant of ELMO prevented cell invasion. Hence, this phosphorylation site of 

ELMO seems to play a role in transmitting signals downstream of AXL signaling to promote 

RAC-induced invasion. How this occurs still remains obscure.  

Since ELMO is known to potentiate DOCK GEF activity on RAC, the phosphorylation 

site, which falls in the DOCK binding region on ELMO, might play a role in stabilizing RAC 

binding to DOCK or relieving DOCK from its autoinhibited state. Our group has previously 

reported the mechanism of ELMO regulation by exchanging between an open and closed 

conformation, which modulates RAC activity [274]. Hence, the phosphorylation on this tyrosine 

residue may prevent ELMO from being in a closed conformational state that will maintain its 

open conformational state leading to higher DOCK GEF activity and hence RAC activation. 

Herein, we report DOCK1 as the first GEF to be a signaling intermediate downstream of AXL 

that may play a role in AXL-induced metastasis. Using DOCK GEF inhibitor CPYPP, a small 

molecule inhibitor against all DOCK-A subfamily members (including DOCK1, DOCK2, and 

DOCK5), AXL-induced RAC activation was shown to be DOCK1 mediated. Since ELMO 

interacts with all DOCK-A subfamily members, AXL can also recruit DOCK5, which is highly 

expressed in TNBC cells, to mediate AXL-induced RAC activation.  

Furthermore, another study in breast cancer has shown the ELMO/DOCK complex to 

play a role in cancer cell invasion and metastasis downstream of GPCR signaling [291]. In 

specific, CXCL12 stimulation of CXCR4 in cells induces ELMO1 association with Gαi2 to 

mediate downstream actin polymerization, migration, and invasion of breast cancer cells. This 

study reported ELMO1 expression to correlate with lymph node and distant metastasis in breast 

cancer patients. Interestingly, they investigated further the role of ELMO in breast cancer tumor 



 

200 

growth and metastasis in vivo. They found the injection of siRNA ELMO-depleted cells into 

fat-pads of mice did not affect tumor growth in vivo. Our data, however, suggested that depletion 

of ELMO levels by siRNA affects proliferation of TNBC cells which could not be rescued with 

ELMO phospho-mutant. This difference may be due to the transient effect of the siRNA 

depletion in cells on proliferation, whereas in vivo other factors in the tumor microenvironment 

may surpass and overcome this effect. Similarly, work from our group has shown DOCK1-null 

mammary tumors to have growth defect in comparison to the DOCK1-WT mammary tumors in 

vivo, suggesting a role for DOCK1 in promoting cell proliferation [288]. The noted difference 

in ELMO and DOCK1 effect on tumor growth in vivo in the two different studies could be due 

to the different types of cancer models used in the different studies where ELMO was studied 

in a TNBC model and DOCK1 was studied in HER2+ breast cancer model.  

Furthermore, AXL expression in TNBC cells has been reported to be important in 

sustaining an EMT state and a stem-like phenotype [92]. Our data revealing a new role for 

ELMO/DOCK in modulating VIMENTIN expression, a known marker for EMT, is novel and 

could be TNBC specific since we previously reported DOCK1-null HER2+ mammary tumors 

did not alter EMT gene expression [288].  The mechanisms in which ELMO/DOCK proteins 

alter EMT gene expression to sustain an EMT state remains to be fully explored. Recently, a 

clinical study has reported that VIMENTIN+ and AXL high expression is a poor prognostic 

factor for primary breast cancer and that their expression might contribute to the breast cancer 

aggressiveness [498]. This allows us to suggest ELMO/DOCK proteins as signaling 

intermediates downstream of AXL not only to mediate RAC-induced cell invasion but also to 

sustain an EMT state by maintaining VIMENTIN expression.   

Nonetheless, our work along with others emphasize further the role of the ELMO/DOCK 

complex as signaling intermediates downstream of RTKs and GPCRs to mediate RAC-induced 

cell invasion.  This allows us to suggest ELMO proteins to be used as biomarkers for diagnosis 

and treatment of breast cancer metastasis, and DOCK proteins as potential drug targets to inhibit 

their GEF activity to prevent RAC-induced invasion and ultimately metastasis. 

To further explore the mechanisms AXL attains to sustain its invasive role to promote 

metastasis, we characterized in chapter 3 AXL phosphoproteome using TNBC cells as a model. 

TNBC lacks any targeted therapy in clinic and many of TNBC patients that acquire resistance 

to chemotherapy, which is the only treatment present in the clinic, have an upregulation of AXL 
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expression [499]. Also, to our advantage, TNBC cells express high levels of AXL which allowed 

us to manipulate its activation status by serum starvation and GAS6 treatment. To note, GAS6’s 

contribution to cancer progression is unclear. Some studies report that AXL promotes metastasis 

independently of GAS6, by heterodimerizing with other RTKs, such as HER2 to 

transphosphorylate it and induce its signaling [58]. Another evidence reports EGFR 

transactivation of AXL induces robust downstream signaling important for invasive motility 

that is not activated vigorously by EGFR itself [57]. Others, however, have shown AXL decoy 

receptor, MYD1, which has enhanced GAS6-binding properties, as a therapeutic approach to 

disrupt GAS6/AXL signaling, indicating a role for GAS6 in cancer progression [101]. In our 

experimental model, high levels of AXL phosphorylation are observed in our TNBC cells in 

chapter 2 and 3 without GAS6 stimulation, which could be due to the high levels of AXL 

expression that renders AXL to be constitutively active. Another explanation for the high AXL 

phosphorylation observed independently of GAS6 could be due to AXL diverse interactions 

with other cell surface proteins. For instance, a study demonstrated EGFR, which is highly 

expressed in TNBC cells, to diversify its signaling by heterodimerizing with AXL [57]. 

Nonetheless, AXL in TNBC cells is still responsive to GAS6 stimulation upon serum starvation. 

Hence, GAS6 stimulation was a good and advantageous tool for us to stimulate and control 

AXL phosphorylation in serum-starved TNBC cells in a timely manner, as shown in chapter 2 

and 3.   

AXL downstream signaling has been mainly demonstrated to promote the biological 

processes of cell survival and cell migration mediated by established signaling pathways such 

as MAPK, JNK, and ERK signaling. These signaling pathways contain shared signaling 

intermediates with other RTKs and are not sufficient to explain AXL’s biological activity. 

Hence, it was of importance for us to address this critical gap in knowledge and determine AXL 

specific pathways and signaling intermediates that justify its pro-invasive role in cancer 

progression. Our GAS6-induced AXL phosphoproteome obtained by a quantitative proteomics 

approach in TNBC cells revealed for the first time many significantly enriched pathways that 

may explain how AXL facilitates cancer cell invasion and metastasis. We uncovered AXL 

activation to modulate significantly 51 signaling pathways using KEGG pathway analysis, with 

Focal Adhesions (FA) as our top hit. We report, in chapter 3, AXL to facilitate cancer cell 

invasion and metastasis by strongly modulating FA turnover. As previously mentioned, focal 
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adhesions are adhesion points or clusters that anchor the cell to the ECM.  The dynamics or 

turnover of these adhesion clusters, composed of cytoskeletal and signaling proteins, is 

modulated by repetitive phosphorylation events that lead to their assembly or disassembly, 

which will ultimately allow the cell to move and maneuver around to disseminate and become 

invasive. In our phosphoproteomic data, we found AXL to modulate many proteins involved in 

FA dynamics, including scaffolds, adaptors, GEFs and GAPs, kinases and phosphatases.  By 

extensively comparing our phosphoproteomic data to other phosphoproteomic datasets of 

activated RTKs, such as EGF-stimulated EGFR, we were able to conclude that modulation of 

FA proteins was unique to AXL. From this comparison, EGFR signaling seemed to modulate 

adherens junctions, known to initiate and stabilize cell-cell contact, more specifically and 

robustly than AXL. Moreover, the difference we obtain by comparing the different datasets 

between EGFR and AXL phosphomodulated pathways could be due to the different cell lines 

and approaches used to obtain these datasets. Since EGFR phosphoproteomic dataset was 

obtained from a screen that was performed in HeLa cells, it will be necessary however to treat 

our TNBC cells with EGF at different time points, similar to GAS6 stimulation, and perform a 

similar quantitative phosphoproteomic screen in order to confirm AXL robust modulation of FA 

proteins is indeed unique to AXL. Knowing our TNBC cells express high levels of EGFR and 

that EGFR uses AXL to diversify its signaling, we hypothesize that EGFR in TNBC cells may 

use AXL to modulate FA turnover to modulate cell motility. Since our group has uncovered a 

role for HER2 in transphosphorylation and activating AXL [58], it is worthy to define the 

differential AXL phosphoproteomes obtained upon EGF-induced AXL activation to uncover 

differential AXL signaling pathways activated in different contexts. This will reveal additional 

potential drug targets that can be used to limit AXL-induced cancer cell invasiveness and 

metastasis in different cancer contexts. 

Furthermore, our work in chapter 3 revealed for the first time AXL to be localized at FA 

structures and this localization seemed to be dependent on AXL phosphorylation status. It still 

remains elusive and more work is required to investigate how AXL gets trafficked to such 

complexes. One possibility could be by AXL modulation of its own trafficking where AXL rich 

endosomes can be targeted and trafficked to signal at and modify FA structures. AXL could also 

be found and clustered at FA sites as a membrane protein. Furthermore, our work revealed a 

novel role for AXL in regulating FA turnover by increasing the disassembly rates of FAs 
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through the recruitment of βPIX/GIT1/PAK disassembly complex. Among the phospho-

modulated FA proteins, AXL activation led to a robust tyrosine phosphorylation of NEDD9, 

and other CAS-family members, which modulated its CRKII/DOCK3 complex formation and 

its localization at FA structures. Previous studies have shown an essential role for NEDD9 

scaffold complex in oncogene-driven transformation, tumor establishment, cancer cell 

dissemination and colonization of cancer cells in a foreign tissue by actively regulating 

cytoskeletal dynamics [500]. In fact, NEDD9 has been linked to the establishment of an EMT 

state where NEDD9 complex induces the downregulation of E-Cadherin and upregulation of 

EMT markers such as SNAIL and SLUG [501]. In turn, the EMT marker TWIST positively 

controls the expression of NEDD9 and DOCK3 to maintain a mesenchymal type movement 

[296]. In melanoma cells, NEDD9/DOCK3 complex was reported to play a role in cell plasticity 

by promoting a mesenchymal-type movement and RAC-induced cell invasion, and by inhibiting 

an amoeboid-type movement [502]. As per their role in FA dynamics, NEDD9 or BCAR1 have 

been previously reported to act as mechanosensors at FA structures yet the exact mechanism 

how NEDD9 or BCAR1 complex transmits signals to the FA structures to induce their turnover 

remained unknown [503].  

Our proximity labeling coupled to proteomics approach, named BioID, allowed us to 

reveal novel interactors of NEDD9 that can explain how this scaffolding complex leads to FA 

turnover. By merging our AXL phosphoproteome and NEDD9 interactome, we revealed a novel 

mechanism in which AXL utilizes the NEDD9 complex to modulate FA disassembly. In specific 

a novel binding partner to this complex, PEAK1, was found in proximity to NEDD9 and 

robustly phospho-modulated by AXL. PEAK1 is a non-receptor tyrosine kinase that localizes 

to the actin cytoskeleton and FA structures and regulates their turnover [393, 456]. It was 

previously reported to be tyrosine phosphorylated by SRC kinase downstream of EGFR 

signaling to modulate phosphorylation of FA proteins [393]. However, the exact role of 

phosphorylated PEAK1 regulatory mechanism at FA was unknown. Our data revealed a novel 

role for phosphorylated PEAK1 at FA sites as a mediator of PXN phosphorylation and a scaffold 

for βPIX/GIT1/PAK disassembly complex. Our data on PEAK1-mediated PXN 

phosphorylation was very intriguing since PEAK1 is known to be a pseudokinase that lacks any 

enzymatic activity due to its divergence from canonical kinases in multiple of the conserved 

kinase motifs (the glycine-rich loop, HRD motif, and DFG motif) which renders PEAK not 
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capable of nucleotide binding [504]. Hence, we concluded that PEAK1 acts a scaffold for other 

kinases that can mediate PXN phosphorylation. PXN phosphorylation has been largely 

attributed to SRC and FAK kinases, and our data reporting PEAK1 scaffold as a mediator of 

PXN phosphorylation is novel.  

In search of PEAK1 bound kinases using BioID, we revealed PEAK1 interactome to 

involve many FA proteins as well as putative kinase interactors such as PRAG1 and EPHA2. A 

previous study has reported PEAK1 to act in a heterodimer with its family member PRAG1 to 

induce downstream signaling [463]. In addition, PRAG1 was shown to induce tyrosine 

phosphorylation in human cells by associating with CSK kinase, yet no specific substrate was 

identified [462]. Our hypothesis that PEAK1, in complex with PRAG1, utilizes CSK kinase to 

induce PXN phosphorylation was further validated by our data demonstrating CSK-mediated 

PXN phosphorylation. In fact, a previous study has shown CSK to localize at FA structures 

when SRC kinases are activated to negatively regulate them [505]. Herein, we report PXN as a 

novel substrate of CSK kinase, coupled to PEAK1/PRAG1 pseudokinase complex, at FA 

structures to mediate their turnover. Our data also revealed the necessity of PEAK1 proline-rich 

region, which is CRKII binding site, for AXL-mediated PEAK1 phosphorylation and PEAK1-

mediated PXN phosphorylation. In fact, our BioID data of PEAK1 mutant, which lacks CRKII 

binding, demonstrated PRAG1 loss of binding, further reinforcing the role of the proline-rich 

region of PEAK1 in binding PRAG1 to scaffold CSK for PXN phosphorylation.  

Interestingly, EPHA2 loss of binding was also observed in our BioID data of PEAK1 

mutant, suggesting that EPHA2 putative interaction with PEAK1 is mediated by CRKII, 

PRAG1 or other SH3 domain-containing proteins that interact with the proline-rich region of 

PEAK1. A recent study has demonstrated a role for EPHA2 in cell motility by modulating FA 

dynamics [470]. Since EPHA2 was also found to be phospho-modulated by AXL in our 

phosphoproteomics data, this led us to suggest a mechanism in which NEDD9/CRKII/PEAK1 

complex mediates EPHA2 heterodimerization with AXL, where AXL can transactivate EPHA2 

to mediate PEAK1 phosphorylation and regulation of FA turnover. Further work is needed to 

investigate if this mechanism holds true in our TNBC cells. 

Altogether, our work on FA regulation in chapter 3 expands our knowledge in revealing 

a novel mechanism in which AXL can modulate cell migration and invasion to confer its pro-

invasive role. A similar role for AXL in ovarian cancer was revealed where AXL converges 
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with β3 integrin to modulate cell adhesion by recruiting BCAR1 protein [98].  This emphasizes 

further the role of AXL in modulating cell adhesion to the ECM by hijacking the FA machinery. 

In addition, revealing a novel mechanism for an atypical pseudokinase/kinase complex in 

mediating PXN phosphorylation is a major breakthrough in the field of FA regulation. We 

reported PEAK1 to play a role in vivo in mediating TNBC tumor growth and metastasis using 

mouse xenograft models. Similarly, other studies also demonstrated a role for PEAK1 in 

facilitating tumor growth and metastasis in vivo of various cancer models such as TGFβ-induced 

breast cancer, NSCLC and KRAS-induced pancreatic cancer model [471, 506, 507]. Moreover, 

PEAK1 expression levels have been shown to be correlated with poor patient prognosis and 

survival in several types of cancers [471, 472]. Hence, revealing the scaffolding function of 

PEAK1 aids in developing strategies that can pharmacologically target its bound kinases or that 

can target its protein-protein interface to prevent its scaffolding function.  

Moreover, the effect of AXL activation was not limited to FA dynamics but to many 

other significantly enriched biological processes. Our analysis of AXL phosphoproteomics data 

revealed a robust link between AXL activation and regulation of actin cytoskeleton. This may 

explain the role AXL plays in mesenchymal cells which are pro-migratory and pro-invasive in 

comparison to epithelial cells, where actin cytoskeleton remodeling is involved and required for 

the cell to attain a mesenchymal phenotype and to lose its epithelial integrity. Since the 

regulation of actin cytoskeleton proteins affects many biological processes, this significant 

phospho-modulation of actin cytoskeletal proteins by AXL may explain the various ways AXL 

sustains an EMT pro-invasive state. Within the regulation of actin cytoskeleton proteins, AXL 

was found to modulate many GEFs and GAPs, which are regulators of small GTPases. 

Interestingly, DOCK-A subfamily members of GEF proteins were found to be significantly 

phospho-modulated by AXL, which further confirms the role we defined for them in chapter 2 

as signaling intermediates to promote RAC-induced cell invasion downstream of AXL 

activation. Other DOCK family members were also found to be significantly phospho-

modulated by AXL such as DOCK9 and DOCK10 which are part of DOCK-D subfamily. In 

fact, a recent study has explored the role of DOCK9 in complex with DOCK4 in promoting the 

formation of endothelial cells filopodia protrusions necessary for tubule remodeling in 

angiogenesis [508]. This may reveal a new signaling intermediate downstream of AXL/VEGFR 

heterodimer to promote angiogenesis, a process AXL has been shown to play a role in during 
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metastasis. This is one example in which our AXL phosphoproteome could answer many 

longstanding questions about AXL’s invasive function in cancer progression and during the 

metastatic cascade, which are worthy of further investigations. 

In addition to GTPase regulation, other links with endocytosis and phagocytosis were 

revealed and found significantly modulated by AXL activation. AXL, along with MER and 

TYRO3, have been shown to play an important role in the phagocytosis of apoptotic cells by 

macrophages [123]. Our phosphoproteomic screen may reveal novel mechanisms in which AXL 

achieves this role. It will be important to investigate further the phagocytosis network 

downstream of AXL to probe its function in cancer cell invasiveness. As per endocytosis, this 

biological process is known to regulate RTKs activity [509]. It involves the vesicular trafficking 

of the RTKs into endosomes or cytoplasmic vesicles that are internalized at the cell surface upon 

ligand binding to subsequently sort the ligand-receptor complexes to either lysosomes for 

degradation, which will ultimately lead to RTK downregulation or recycling back to the 

membrane [509]. These processes usually rely on intrinsic motifs and post-translational 

modifications such as phosphorylation and ubiquitination. This process in cancer is known to 

be skewed where specific oncogenes are known to be biased for RTKs recycling rather than 

degradation to maintain their oncogenic signaling [510].  Two phospho-modulated ubiquitin 

ligases, NEDD4L and CBLB, that we reveal in our AXL phosphoproteome are known to 

ubiquitinate lysine residues in the intracellular domains of RTKs to induce their internalization 

and sorting for lysosomal or proteasomal degradation. However, in some cases, ubiquitination 

of specific lysine residues by these ligases can trigger proteasome-independent pathways such 

as signal transduction or endocytosis. For instance, previous reports demonstrated the p85 

regulatory subunit of PI3K can be polyubiquitinated by CBLB ligase in T-cells without affecting 

its protein levels [511]. A previous study, however, has demonstrated a mechanism of GAS6-

induced AXL ubiquitination by CBLB ligase to downregulate AXL [46]. Thus, it will be 

interesting to investigate whether AXL phospho-modulation of these ligases either leads to 

inhibiting or activating these ligases to trigger proteasome-dependent or independent pathways.  

Other proteins involved in ubiquitin binding and vesicular trafficking of RTKs, such as 

STAM1/2 which are part of the ESCORT complex, have also been identified to be phospho-

modulated by AXL activation. The phospho-modulation of these proteins may suggest a 

mechanism in which AXL can use to regulate its activity by inhibiting its lysosomal degradation 
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and promoting its recycling back to the membrane to continuously signal. Extensive studies 

have been performed to study the regulation of RTK’s activity by endocytosis and vesicular 

traffickings, such as EGFR, ERBB2, FGFR and VEGFR [510], and accumulating evidence 

suggests that internalized EGFR continues to bind and phosphorylate downstream signaling 

proteins in pre-degradative intracellular compartments, leading to activation of signaling 

pathways distinct from the ones at the cell surface [510, 512].  In addition, other studies reported 

EGFR to maintain its tumor-promoting signaling pathways, similarly to other RTKs such as 

MET, FGFR, and VEGFR, while localized in the nucleus [512]. This nuclear translocation of 

EGFR was shown to be mediated by AXL in EGFR drug-resistant models [513]. Since nuclear 

EGFR was demonstrated to function as a co-transcription factor for several oncogenic genes 

such as cyclin d1, c-myc, and stat1, this brings us to suggest that AXL could also regulate its 

own translocation to the nucleus to act as a transcription factor to induce its associated EMT 

gene signature. It still remains elusive if regulation of AXL activity by endocytosis is similar to 

EGFR’s mechanism of regulation or is unique to AXL. Further work is needed to investigate 

whether AXL maintains its oncogenic signaling at intracellular compartments such as 

endosomes and nucleus, during cancer progression to sustain its pro-invasive role.  

Another indirect mechanism in which AXL can regulate endocytosis or phagocytosis 

could be via AXL’s phospho-modulation of microtubule binding proteins. The modulation of 

microtubules and microtubule binding proteins is known to regulate the processes of 

endocytosis and phagocytosis [514]. Endocytic trafficking requires motor proteins that tether 

membranes or transport vesicles along actin and microtubules cytoskeleton [515]. They also 

facilitate the endosomal sorting and the generation of transport intermediates by providing a 

force to deform and assist in the scission of the membrane [516]. Motor proteins such as KIFs, 

and microtubule filament system proteins that stabilize or destabilize microtubules, such as 

MAPs, MARK2, STMN1, and MYPT1 are among the proteins involved in the regulation of 

microtubule dynamics and found to be phospho-modulated by AXL activation. Altogether, this 

may suggest another mechanism that justifies the role we uncovered for AXL in our 

phosphoproteomic analysis in modulating endocytosis and vesicular trafficking.  

Furthermore, another KEGG pathway that is significantly modulated in our AXL 

phosphoproteome is RNA transport. It is a process that involves the transport of RNA from the 

nucleus to the cytoplasm which is fundamental for gene expression. AXL may alter the export 
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of specific transcripts of encoding proteins for survival and oncogenesis by modulating mRNA 

export factors such as NUP and DDX proteins, as well as RNA binding proteins which 

determine the spatiotemporal regulation of translation and guarantee the correct subcellular 

localization of the translated protein [517]. Since the process of RNA transport has been shown 

to be interlinked with vesicle trafficking [517], AXL’s regulation of RNA transport could also 

be a secondary effect of AXL’s regulation of endocytosis and vesicle trafficking.  

Another mechanism in which AXL can regulate gene expression is through a process 

named RNA processing and in specific alternative splicing. Many proteins involved in this 

process were found to be significantly phospho-modulated by AXL in our phosphoproteomics 

dataset. Alternative splicing changes and mutations in splicing factors are reasons behind the 

variations observed in transcriptomes of tumors [518]. In addition, these alterations are known 

to be linked with tumor progression, metastasis, and therapy resistance. AXL’s direct or indirect 

modulation of splicing proteins such as SRRM1 and SRRM2 can lead to their activation in 

splicing, as seen previously [519]. Phosphorylation of splicing proteins can lead to their 

stabilization by preventing their degradation and hence promoting alternative splicing of RNA. 

Alterations in alternative splicing can be essential for understanding drug resistance [518]. 

Previous work has shown that patients that did not respond to targeted treatment against BRAF 

mutations express another BRAF isoform that lacks specific exons [520]. Interestingly, a small 

molecule inhibitor against a pre-splicing factor reduced the growth of the drug-resistant cells 

[521]. Similarly, others have also shown resistance to immunotherapy in leukemia is due to 

alternative splicing [518]. Since AXL is correlated with drug resistance in many cancer types, 

further work is required to investigate whether AXL modulation of alternative splicing could be 

a novel mechanism in which AXL uses to drive resistance upon immuno-, chemo- and targeted 

therapy.  

Due to AXL’s invasive role in cancer and its correlation with drug resistance, there has 

been an increased interest in developing AXL inhibitors to be used in the clinic. Since AXL is 

rarely reported to act as the main driver of cancer, AXL inhibitors are mainly aimed to be used 

as combinational therapy. As of today, many AXL targeted drugs have been developed and 

some are used in clinical trials [522]. AXL inhibitors are ATP-competitive inhibitors and are 

classified in 3 different categories: single-target AXL inhibitors, dual MET/AXL inhibitors, and 

multi-target AXL inhibitors [522]. Multi-target AXL inhibitors have demonstrated to be the 
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most effective and more promising for future applications. Several preclinical studies have 

shown benefits in AXL inhibition in diverse scenarios [523]. Recently, a few specific AXL 

inhibitors have entered early-phase clinical trials including BGB324 and BPI-9016M [523]. In 

addition to those, a monoclonal antibody against AXL and AXL decoy receptor are currently in 

preclinical development. Altogether, this effort in developing AXL inhibitors and the ongoing 

clinical trials using them will determine the therapeutic potential of AXL targeting, yet a better 

understanding of AXL mechanisms, defined in chapter 3, will lead to more effective anti-cancer 

strategies.  

Furthermore, our work in chapter 2 and chapter 3 defining AXL specific downstream 

signaling mechanisms required for AXL’s role in cancer invasiveness will aid in designing 

rational combination therapies and in determining the mechanisms AXL attains to acquire 

therapy resistance. By targeting specific signaling intermediates of AXL, such as PEAK1 or 

DOCK1 with AXL inhibition, this may prove to be a more effective anticancer strategy for 

treatment. A recent study in our lab demonstrated that co-treatment with AXL and HER2 

blocking agents inhibited HER2+ patient-derived xenografts tumorsphere growth [58]. Hence, 

it will be important to determine if inhibiting other signaling intermediates of AXL signaling 

with AXL inhibition, will render cancer cells to be more responsive and sensitive to therapy. 

This highlights the significance of our work covered in this thesis in understanding the 

mechanisms behind AXL’s invasive role. Our work introduces several potential therapeutic 

drug targets to be used in the combination therapy which may hold promise. 
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