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Abstract 

AXL is a receptor tyrosine kinase (RTK) which together with TYRO3 and MER 

constitutes the TAM receptor subfamily. TAMs participate in the regulation of the immune 

system, phagocytic clearance of apoptotic cells and tumorigenesis. AXL and its ligand GAS6 

were shown to be overexpressed in many types of human cancers, which correlated with 

increased tumor progression, metastasis and acquired resistance to anti-cancer therapies. In 

addition, AXL acts as an important receptor for the cellular entry of viruses, including ZIKA 

and SARS-CoV-2. Therefore, AXL is a promising therapeutic target, both for cancer 

treatment and anti-viral therapy, and one of its inhibitors is currently being tested in clinical 

trials for the treatment of cancer and COVID-19. 

Endocytosis facilitates uptake of fragments of the plasma membrane (PM) together 

with the extracellular content via endosomes. This process plays a crucial role in the 

regulation of RTK functions, since it may lead to degradation of RTKs in lysosomes or their 

recycling to the PM, which terminates or sustains RTK-mediated signaling, respectively. 

Despite numerous studies reporting the involvement of AXL in carcinogenesis as well 

as virus infections, the molecular mechanisms underlying these processes have been poorly 

characterized and AXL-binding proteins remained practically unknown. Additionally, none of 

TAM receptors have been studied so far with respect to their endocytosis. Thus, the aim of 

this thesis was the identification of AXL-interacting partners and the characterization of AXL 

endocytosis. 

To discover the interactome of AXL, the proximity-dependent biotin identification 

(BioID) was used. Its results showed that AXL interacted with proteins implicated in actin-

related processes, axonogenesis, cell junction organization, signaling and endocytosis. The 

latter category indicated that intracellular trafficking is an important regulator of AXL 

function. Therefore, the mechanisms of AXL internalization have been examined in detail. It 

was demonstrated that, upon GAS6 stimulation, GAS6-AXL complexes were rapidly 

internalized into cells, and this uptake operated via multiple endocytic routes, both clathrin-

mediated (CME) and clathrin-independent endocytosis (CIE). Interestingly, blocking a single 

endocytic route, except for clathrin-independent carriers/GPI-AP-enriched compartments 

(CLIC/GEEC) and ADP-ribosylation factor 6 (ARF6)-dependent endocytosis, was not 

sufficient to reduce endocytosis of GAS6-AXL complexes. In contrast, the inhibition of AXL 

kinase activity completely blocked internalization of the ligated receptor. These findings offer 

a mechanistic explanation for previous studies showing that AXL inhibitor treatment 

decreases AXL-mediated viral infections. They further provide a rationale for using 

pharmacological inhibition of AXL in anti-viral therapies. 
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Subsequent analyses concerning the kinetics of AXL internalization revealed that this 

process operated faster than the uptake of other RTKs, such as epidermal growth factor 

(EGFR) and platelet-derived growth factor receptor β (PDGFRβ). Moreover, in contrast to 

ligated EGFR, endocytosis of AXL did not lead to receptor degradation but most probably to 

its recycling back to the PM. The latter was associated with the prolonged phosphorylation of 

AXL and the sustained activation of its downstream effector AKT, which may contribute to 

AXL-driven cancer cell migration and invasion. Finally, the presented results revealed that 

depletion of AXL was sufficient to block GAS6 internalization, which supports a notion 

previously reported by our laboratory that AXL is a primary receptor for GAS6. 

Altogether, this study provides the first comprehensive analysis of the AXL 

interactome as well as a detailed characterization of endocytosis of AXL, the first TAM 

receptor studied in this respect. The results presented here shed light on the molecular 

mechanisms regulating AXL and AXL-mediated processes on the cellular level that 

significantly extends our current understanding of the role of AXL in cancer progression and 

viral entry. 
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Streszczenie 

AXL jest receptorową kinazą tyrozynową (RTK), która wraz z białkami TYRO3 i 

MER należy do rodziny TAM. Kinazy TAM uczestniczą w regulacji odpowiedzi układu 

odpornościowego, usuwaniu komórek apoptotycznych oraz biorą udział w nowotworzeniu. 

Badania wykazały, że kinaza AXL i jej ligand, białko GAS6, ulegają nadmiernej ekspresji w 

komórkach nowotworowych, co koreluje ze zwiększoną inwazyjnością, powstawaniem 

przerzutów oraz opornością nowotworów na terapie. Ponadto, AXL pośredniczy również w 

procesie wnikania wirusów do komórek, np. wirusa ZIKA oraz SARS-CoV-2. Dlatego też 

AXL stanowi potencjalny cel terapeutyczny, a jeden z inhibitorów jej aktywności kinazowej 

jest testowany w badaniach klinicznych pod kątem zastosowania w leczeniu nowotworów 

oraz COVID-19. 

Endocytoza jest procesem, w którym fragmenty błony komórkowej wraz ze 

składnikami zewnątrzkomórkowymi są pobierane do komórek za pomocą endosomów. W 

przypadku RTK, proces ten pełni kluczową rolę w przekazywaniu sygnału, regulując 

degradację tych białek w lizosomach lub ich recykling do błony komórkowej.  

Pomimo wielu doniesień naukowych wskazujących na ważną rolę AXL w 

powstawaniu nowotworów oraz wnikaniu wirusów do komórek, molekularne mechanizmy 

leżące u podstaw tych procesów ani białka oddziałujące z AXL nie były dobrze poznane. Co 

więcej, żadna kinaza z rodziny TAM nie była dotychczas badana pod kątem endocytozy. 

Dlatego też, celem niniejszej rozprawy doktorskiej było zidentyfikowanie białek 

oddziałujących z AXL oraz scharakteryzowanie mechanizmów endocytozy tej kinazy. 

Wykorzystując metodę BioID (ang. proximity-dependent biotin identification) 

zidentyfikowano białka wchodzące w interakcje z AXL. Uzyskane wyniki wykazały, że AXL 

oddziałuje m. in. z białkami regulującymi cytoszkielet aktynowy, aksonogenezę, organizację 

połączeń międzykomórkowych i przekazywanie sygnału. Ponadto, zidentyfikowano wiele 

białek zaangażowanych w endocytozę, co wskazywało na kluczową rolę tego procesu w 

regulacji funkcji AXL. Dlatego też w kolejnych etapach projektu szczegółowo 

scharakteryzowano endocytozę AXL. Wykazano, że stymulacja komórek ligandem GAS6 

powoduje szybkie pobieranie kompleksów GAS6-AXL do komórek, które zachodzi na drodze 

endocytozy zależnej oraz niezależnej od klatryny. Co więcej, pokazano, że spośród badanych 

ścieżek internalizacji, jedynie zablokowanie ścieżki CLIC/GEEC (ang. clathrin-independent 

carriers/GPI-AP-enriched compartments) oraz ścieżki zależnej od białka ARF6 powodowało 

zmniejszenie pobierania kompleksów GAS6-AXL, a całkowite zahamowanie endocytozy 

GAS6-AXL zaobserwowano wyłącznie po zablokowaniu aktywności domeny kinazowej 

AXL. Wyniki te stanowią mechanistyczne wyjaśnienie wcześniejszych badań pokazujących, 
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że stosowanie inhibitorów AXL hamuje wnikanie wirusów do komórek, co tym samym 

uzasadnia wykorzystanie tych inhibitorów w terapiach przeciwwirusowych. 

W kolejnym etapie, analiza kinetyki endocytozy AXL wykazała, że w porównaniu do 

receptorów EGFR i PDGFRβ internalizacja AXL zachodzi szybciej. Stwierdzono także, 

że w przeciwieństwie do EGFR, pobieranie AXL nie prowadzi do degradacji tej kinazy, 

a najprawdopodobniej do jej recyklingu do błony komórkowej, co koreluje z długotrwałą 

fosforylacją i aktywacją AXL oraz białka AKT. Ta przedłużona aktywacja sygnalizacji może 

odgrywać rolę w zależnej od AXL migracji oraz inwazji komórek nowotworowych. 

Dodatkowo, przedstawione wyniki potwierdziły wcześniejsze obserwacje wskazujące, że 

GAS6 aktywuje przede wszystkim receptor AXL, a nie inne kinazy TAM. 

Podsumowując, w niniejszej pracy przeprowadzono pierwszą kompleksową analizę 

białek oddziałujących z AXL oraz przedstawiono charakterystykę endocytozy AXL jako 

pierwszej kinazy z rodziny TAM badanej pod tym kątem. Zaprezentowane wyniki poszerzają 

wiedzę na temat molekularnych mechanizmów regulujących AXL i procesów regulowanych 

przez tę kinazę na poziomie komórkowym oraz przyczyniają się do lepszego zrozumienia roli 

AXL w progresji chorób nowotworowych i we wnikaniu wirusów do komórek. 
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1. Introduction 

1.1 TAM – a subfamily of receptor tyrosine kinases 

Receptor tyrosine kinases (RTKs) are plasma membrane receptors that transmit 

signals between cells and from an extracellular environment to cells. They bind and respond 

to ligands, which causes dimerization of receptors and activation of their kinase domains 

initiating signal transduction [1]. RTKs function as important regulators of various cellular 

processes such as cell growth, proliferation, differentiation or migration. Thus, their altered 

expression or mutations are correlated with many pathological conditions, including cancer 

[1]. 

AXL, TYRO3 and MER comprise the TAM receptor subfamily of RTKs. This family 

of receptors was one of the latest to appear in the evolution as the first TAM-like protein was 

identified in the genomes of prevertebrate urochordates, such as Ciona intestinalis [2, 3]. In 

contrast to other RTKs, such as epidermal (EGFR), fibroblast (FGFR) growth factor receptors 

or erythropoietin-producing human hepatocellular (Eph) receptors subfamilies, there are no 

TAM representatives in either Drosophila melanogaster or Caenorhabditis elegans genomes 

[4, 5]. In humans, TAM receptors are ubiquitously expressed in various cell types including 

cells of the immune, nervous, vascular and reproductive systems [6]. They participate in 

regulation of the immune system and tissue homeostasis through their role in phagocytic 

clearance of apoptotic cells. However, TAMs also play a role in cancer progression, 

promoting cancer cell survival and motility [7].  

All three TAMs display a similar structure composed of an extracellular part 

containing two immunoglobulin (Ig)-like domains implicated in the ligand binding and two 

fibronectin type III (FNIII) repeats, followed by a single helix transmembrane region. The C-

terminal fragment consists of a cytoplasmic tyrosine kinase domain containing a signature 

KW(I/L)A(I/L)ES sequence that distinguishes TAM receptors from other RTKs (Fig. 1.1A) 

[7, 8].  

Up to date there are five known ligands activating TAM receptors: anticoagulant 

protein S (PROS1), growth arrest specific protein 6 (GAS6) [9], Tubby, Tubby-like protein 1 

(TULP-1) [10] and galectin-3 [11]. However, the latter three proteins were poorly 

characterized in the context of TAMs activation and were only shown to modulate the 

function of MER [10, 11]. In turn, the role of PROS1 and GAS6 in activation of TAM 

receptors was extensively studied. Specifically, it was shown that PROS1 activates TYRO3 

and MER, whereas GAS6 is able to bind all three TAMs with the highest affinity for AXL 

[12-14]. Both ligands are secreted glycoproteins that require vitamin K-dependent γ-
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carboxylation to fully activate their cognate receptors [12, 13]. GAS6 and PROS1 share about 

40% sequence identity and display a similar structural organization [9, 15]. Both proteins 

consist of an N-terminal glutamic acid (GLA)-rich domain, followed by four epidermal 

growth factor (EGF)-like domains and a C-terminal sex hormone-binding globulin (SHBG) 

domain composed of two laminin G (LG)-like domains (Fig. 1.1B) [14].  

 
Fig. 1.1 Schematic representation of the domain composition of TAMs (TYRO3, AXL, 
MER) and their ligands (GAS6 and PROS1)  
A TYRO3, AXL and MER consist of two N-terminal immunoglobulin (Ig)-like domains, two 
fibronectin type III (FNIII) repeats, a transmembrane domain and a C-terminal intracellular 
kinase domain. B GAS6 and PROS1 contain an N-terminal glutamic acid (GLA)-rich domain, 
four epidermal growth factor (EGF)-like domains and two laminin G (LG)-like domains at the 
C-terminus. 

The activation of a TAM receptor is mediated by the interaction between the LG-like 

domains of the ligand and the Ig-like domains of the receptor (Fig 1.1) [7, 14]. In turn, the N-

terminal, γ-carboxylated GLA-rich domains of the TAM ligands mediate binding 

to phosphatidylserine (PtdSer). This phospholipid is a component of an inner layer of the 

plasma membrane (PM) in eukaryotic cells, and becomes exposed on the cell surface upon 

apoptosis [16]. Extracellular PtdSer serves as a potent ‘eat-me’ signal, by which dead cells are 

recognized by phagocytes expressing TAM receptors. Therefore, GAS6 and PROS1 serve as 

bridging molecules linking TAM receptors on phagocytic cells and PtdSer exposed on 

apoptotic cells, which facilitates TAM-mediated efferocytosis - the phagocytic clearance 

of apoptotic cells [16-19]. Additionally, TAMs play an important role in the modulation of 

innate immune response by suppressing production of pro-inflammatory cytokines (e.g. 

interleukin-6 [IL-6], IL-12, tumor necrosis factor [TNF], type I interferons [IFNs]), promoting 

production of anti-inflammatory cytokines (e.g. IL-10, transforming growth factor-β [TGF-β], 

hepatocyte growth factor [HGF], IL-4) and regulating differentiation and maturation of 

natural killer (NK) cells [6, 13, 20, 21]. Overexpression and activation of TAMs was also 

reported in a variety of human cancers. However, they do not display an oncogenic potential 

themselves but rather promote survival, chemoresistance and motility of cancer cells [12, 13].  
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1.2 AXL 

The gene encoding AXL is located on chromosome 19q13.2 and was initially 

discovered in 1988 as a transforming gene in chronic myelogenous leukemia (CML) [22]. 

Due to its transforming capacity in NIH3T3 cells, AXL was named after the Greek word 

'anexelekto' which means “uncontrolled”, however in the literature a few alternative names 

exist, such as Ark, Tyro7 or Ufo [23, 24]. 

1.2.1 Regulation of AXL expression  

AXL is expressed relatively late in embryogenesis and studies in mice showed that the 

initial expression of AXL appeared 12.5 days post fertilization [25, 26]. Additionally, in 

contrast to many RTKs, TAM receptors are dispensable for the embryonic development, as 

triple knockout (KO) mice of all three TAMs are viable [27]. However, they develop a severe 

lymphoproliferative disorder accompanied by broad-spectrum autoimmunity and 

abnormalities in the nervous and reproductive systems [28].  

 AXL gene expression is regulated on multiple levels. Several transcription factor 

complexes were described to promote the expression of AXL gene: Fos and Jun – 

components of activator protein 1 (AP1), specificity protein 1 and 3 (SP1/SP3), Yes-

associated protein (YAP)/ transcriptional coactivator with PDZ-binding motif (TAZ)/TEA 

domain family member (TEAD), hypoxia inducible factor (HIF) and myeloid zinc finger 1 

protein (MZF-1) [24, 29]. On the other hand, AXL transcription can be negatively regulated 

via microRNAs, miR-34a and miR-199a/b, which bind to the 3’-UTR region of the AXL gene 

[24, 29]. Additionally, AXL mRNA synthesis depends on the epigenetic changes in histone 

acetylation and histone/DNA methylation [24].  

1.2.2 Characterization and activation of AXL  

The full length AXL consists of 894 amino acids and encodes a protein of predicted 

molecular weight (MW) around 98 kDa, however the actual MW varies between 100-140 kDa 

due to posttranslational modifications including glycosylation, phosphorylation and 

ubiquitination [23]. As for typical RTKs, binding of the ligand, GAS6, causes dimerization of 

the receptor and autophosphorylation of tyrosine residues within its kinase domain. Six 

tyrosine phosphorylation sites have been identified in the AXL kinase domain. Among them 

three are considered as putative autophosphorylation sites: Tyr698, Tyr702, Tyr703, required 

for activation of the receptor. The other three (Tyr779, Tyr821, Tyr866) are docking sites 

for downstream adaptor proteins involved in the activation of various signaling pathways such 

as phosphoinositide 3-kinase (PI3K)/AKT, phospholipase C-γ (PLC-γ) and mitogen-activated 
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protein kinase (MAPK)/extracellular signal-regulated kinases (ERK), leading to various 

cellular responses such as migration, proliferation or cell survival (Fig. 1.2) [26, 29].  

 
Fig. 1.2 Schematic representation of GAS6-induced phosphorylation of AXL and 
activation of its downstream effectors 
GAS6 binding promotes dimerization of AXL receptor which promotes autophosphorylation 
of tyrosine residues within its kinase domain and activation of various downstream signaling 
pathways that promote proliferation, migration and cell survival.  
 
 GAS6 is the only ligand with proven activity for AXL, and the crystal structure of a 

minimal AXL-GAS6 complex has been determined with 3.3Å resolution. The study revealed 

that AXL-GAS6 complex displays 2:2 stoichiometry, in which the two Ig-like domains of the 

AXL extracellular domain are crosslinked by the first LG-like domain of GAS6, with no 

direct AXL-AXL or GAS6-GAS6 contacts observed [30].  

AXL activation can also occur by ligand-independent mechanisms [24]. Firstly, AXL 

overexpression leads to homophilic binding of extracellular domains on opposite cells or 

ligand-independent homodimerization [31, 32]. Secondly, AXL may be activated in response 

to hydrogen peroxide which was also shown to prevent its ubiquitination and subsequent 

degradation in lysosomes [26, 33, 34]. Moreover, cross-phosphorylation and 

heterodimerization between AXL and other TAMs [35, 36] as well as non-TAM RTKs such 

as FGFR [37], EGFR [38, 39] and mesenchymal epithelial transition factor receptor (MET) 

[39, 40] have been postulated.  
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1.3 Biological roles and functions of AXL 

1.3.1 AXL in regulation of the immune system and autoimmune diseases 

Together with other TAMs, AXL was proposed to play a role in regulation of the 

immune system and maintenance of tissue homeostasis, by modulation of inflammation and 

efferocytosis [6]. Efferocytosis is predominantly mediated by macrophages or dendritic cells 

(DCs), considered as professional phagocytes. However, in a tissue-specific context, 

phagocytic clearance of apoptotic cells can be also facilitated by other cells, such as Sertoli 

cells in testis or retinal pigment epithelial (RPE) cells in eyes [41]. Importantly, the lack of 

TAM receptors in Sertoli cells resulted in impaired spermatogenesis and male infertility in 

mice [27], whereas KO of MER in RPE cells led to degradation of photoreceptors which 

resulted in blindness [42, 43].  

Despite the fact that the role of TAMs in efferocytosis was predominantly attributed 

to MER, the participation of AXL in this processes was also described [44, 45]. Studies by 

Seitz et al. showed that all three TAMs participate in macrophage-mediated phagocytosis in 

vitro, albeit to different degrees [36]. In line with previous observations, downregulation 

of MER completely inhibited this process, however depletion of AXL (and/or TYRO3) 

caused >50% decrease, indicating that these receptors also play a role [17, 36]. In contrast, 

MER was dispensable for apoptotic cell clearance mediated by DCs, which relied 

predominantly on AXL and TYRO3 [36]. These differences may result from different 

expression patterns of MER and AXL in these cell types, since Zagórska et al. showed that 

MER was more prominently expressed in macrophages, whereas expression of AXL was 

higher in DCs [44].  

In DCs, AXL was additionally shown to act as a suppressor of inflammatory response 

mediated by Toll-like receptors (TLRs). In response to a pathogen (an immune stimulus) 

TLRs promoted a signaling cascade involving activation of interferon-α/β receptor (IFNAR) 

and signal transducer and activator of transcription 1 (STAT1), which stimulated cytokine 

production and inflammation, as well as induced expression of AXL mRNA. In turn, AXL 

activation promoted expression of genes encoding suppressor of cytokine signaling (SOCS) 

proteins, which inhibit TLR-mediated signaling and cytokine secretion, thus inhibiting an 

immune response [20].  

AXL, as the other TAMs, was also described to contribute to NK cell maturation and 

differentiation. These bone marrow-derived lymphocytes have an important role in the innate 

immune system providing a rapid response to pathogens and tumors. NK cells from AXL KO 

mice displayed up to 90% impairment of their cytotoxic activity, in comparison to cells 

isolated from wild type animals [21]. Additionally, blocking GAS6-AXL signaling 
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diminished the number of NK cells derived from CD34+ hematopoietic progenitor cells and 

downregulated IFN-γ production [46].  

Taken together, AXL and other TAM receptors play very important roles in 

maintaining tissue homeostasis and inhibition of the innate immune system. Thus, their loss 

leads to various types of chronic inflammatory pathologies and autoimmune responses [45]. 

These diseases include rheumatoid arthritis (RA) [47], systemic lupus erythematosus (SLE) 

[48], sepsis [49, 50] or multiple sclerosis (MS) [51], among others. Therefore, modulation of 

AXL signaling may serve as a potential therapeutic strategy for multiple immune diseases.  

1.3.2 AXL role in cancer 

 Despite its involvement in variety of inflammatory pathologies, AXL is predominantly 

studied in the context of tumorigenesis. Its overexpression and signaling were correlated with 

pathogenesis of many types of human cancers, including gliomas, melanomas, lung, 

colorectal, ovarian, pancreatic or breast cancer, and were shown to associate with poorer 

prognosis and increased invasiveness [24]. In addition, GAS6-mediated AXL activation was 

described to promote tumor progression via multiple mechanisms, such as increased 

proliferation and survival of cancer cells, epithelial-to-mesenchymal transition (EMT), 

metastasis and resistance to anti-cancer therapies, which altogether confirm its oncogenic 

potential (Fig. 1.3) [13, 24, 29, 52].  

 
Fig. 1.3 The role of GAS6-AXL signaling in tumor growth  
AXL activation promotes proliferation and survival of cancer cells, supports formation of 
blood vessels in a growing tumor, suppresses anti-cancer immune responses, promotes 
epithelial-to-mesenchymal transition (EMT) and metastasis and confers resistance to 
conventional and targeted anti-cancer therapies. Modified after Rankin et al. [52]. 

1.3.2.1 AXL in cancer cell proliferation, survival and tumor angiogenesis 

 GAS6-AXL was shown to activate various signaling pathways promoting cell 

proliferation and survival, such as MAPK/ERK, JAK/STAT or PI3K/AKT [24, 29]. In line 

with that, AXL was reported to promote tumor growth, and its downregulation reduced 
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proliferative potential of glioblastoma [53], osteosarcoma [54] or prostate [55, 56] cancer 

cells. Moreover, GAS6-AXL signaling contributed to the activation of an anti-apoptotic 

response. GAS6-AXL-dependent AKT activation was shown to facilitate nuclear 

translocation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), 

which in turn induced the expression of anti-apoptotic markers such as survivin, B-cell 

lymphoma 2 (BCL2) and B-cell lymphoma-extra large (BCL-XL). Simultaneously, the 

activity of pro-apoptotic proteins such as BCL2-associated agonist of cell death (BAD) or 

caspase-3 was reduced, which altogether prevented apoptosis of cancer cells [24, 57-59]. 

Consequently, AXL inhibition induced cancer cell apoptosis, through the inhibition of 

PI3K/AKT as well as MAPK/ERK pathways [60, 61]. Additionally, AXL was shown to 

support an immunosuppressive phenotype in the tumor immune microenvironment, therefore 

allowing immune evasion and promoting tumorigenesis [62].  

 Increased proliferation of cancer cells resulting in growth of a tumor mass requires 

formation of new blood vessels, in the process called angiogenesis, to provide oxygen 

and nutrients essential for tumor cell growth [63]. Angiogenesis contributes to expansion of a 

tumor and several studies suggested that AXL signaling, together with vascular growth factor 

(VEGF), fibroblast growth factor (FGF) or platelet-derived growth factor (PDGF) receptors 

plays a role in this process [24]. Autocrine or paracrine GAS6-mediated AXL activation was 

shown to promote proliferation and migration of vascular smooth muscle cells [64]. Similarly, 

activation of GAS6-AXL signaling in human umbilical vein endothelial cells (HUVECs) 

promoted growth and migration of these cells, as well as tube formation in the co-culture 

of HUVECs and pulmonary artery smooth muscle cells, which was inhibited upon AXL 

downregulation [65]. 

1.3.2.2 AXL migration and invasion of cancer cells – the role in epithelial-to-

mesenchymal transition 

 Several studies, both in vitro and in vivo, pointed towards participation of AXL 

signaling in tumor invasiveness and metastasis, and AXL expression was shown to increase 

during cancer progression [24, 29, 52]. It was reported that an elevated AXL expression is 

crucial for all steps of metastatic process in highly invasive breast cancer cells including 

intravasation, extravasation and growth of metastatic lesions in distant tissues [66]. 

To migrate and invade, cancer cells need to detach from a tumor mass and degrade 

extracellular matrix (ECM) components. These processes are connected with the loss of an 

epithelial phenotype and acquisition of mesenchymal properties by cancer cells in a process 

called epithelial-to-mesenchymal transition (EMT) [67, 68]. EMT requires intense phenotypic 

changes in cells reflected by reduced levels of epithelial markers, such as E-cadherin or 
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cytokeratins, and induced production of mesenchymal proteins, e.g. N-cadherin or vimentin 

[24, 68], along with profound cytoskeleton rearrangements [69].  

Multiple studies reported the involvement of AXL in EMT, however its specific role 

in this process is still under debate as it is not fully established whether AXL acts as a 

regulator or effector of EMT [52]. It was shown that TGF-β-induced EMT resulted in 

upregulated AXL protein level which was important for maintenance of a mesenchymal 

phenotype of cells and supported their migratory and invasive properties [66, 70, 71]. On the 

other hand, AXL was also reported to act as an EMT inducer, since it regulated expression of 

genes encoding EMT-related transcription factors such as SNAI1/2, TWIST1/2 or SLUG [72, 

73]. Importantly, AXL downregulation was sufficient to reverse EMT and reduced invasive 

properties of cancer cells in vitro and metastasis in vivo [66, 71, 72, 74, 75].  

1.3.2.3 AXL activation in resistance to conventional and targeted anti-cancer therapies 

Drug resistance is one of major obstacles in the cancer treatment, which leads to 

disease recurrence and poor patient survival. Several examples of AXL association with this 

process were described in case of both conventional, as well as targeted anti-cancer therapy 

[24, 52]. For instance, AXL-mediated chemotherapy resistance was reported in acute myeloid 

leukemia (AML) [59], esophageal [76], triple negative breast (TNBC) and non-small cell lung 

cancer (NSCLC) [70], whereas radiotherapy resistance occurred for head and neck squamous 

cell carcinoma (HNSCC) [77]. In case of targeted therapies, AXL upregulation was observed 

in cancer cells resistant to inhibitors of EGFR [78, 79], BRAF [80], PI3Kα [81] and ALK 

[82].  

In most cases, one of the hallmarks of AXL-associated drug resistance is AXL 

overexpression linked with an EMT-like phenotype, and numerous studies showed that cells 

which had undergone EMT revealed a higher degree of resistance [67, 68]. Thus, AXL-

mediated mesenchymal phenotype of cancer cells followed by their decreased proliferation 

can altogether explain an observed resistance to commonly used anti-proliferative drugs [29, 

67, 68, 83]. Another example of a mechanism underlying AXL-induced drug resistance 

includes the crosstalk between AXL and other RTKs, such as EGFR or HER2 [66, 81]. In 

HNSCC cells resistant to PI3Kα inhibition, heterodimerization of AXL and EGFR activated 

PLCα/ protein kinase C (PKC)/ mammalian target of rapamycin (mTOR) signaling pathway 

that further supported tumor growth [81]. Consequently, AXL downregulation reversed a pro-

survival phenotype and resensitized cancer cells to therapy [81]. 
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1.3.2.4 GAS6-AXL signaling in the regulation of immune responses in the tumor 

microenvironment 

 Immune evasion is one of the crucial steps of cancer progression, and cancer cells 

exploit several mechanisms to avoid activation of the immune system in the tumor 

microenvironment. Several studies showed that a tumor immunosuppressive phenotype was 

correlated with AXL expression and signaling, both in tumor as well as stromal cells [62].  

AXL-mediated immunosuppressive phenotype is maintained by reduced secretion of 

pro-inflammatory cytokines and induced production of immunosuppressive cytokines and 

SOCS proteins, which altogether dampen inflammation and tissue damage, therefore 

promoting cancer cell growth and proliferation [20, 62]. Additionally, to avoid immune 

system activation, cancer cells express immune checkpoint molecules, e.g. programmed cell 

death ligand 1 (PD-L1), which was also shown to correlate with AXL expression [84, 85]. 

Binding of PD-L1 by its cognate receptor PD-1 on the surface of T-cells abolished T-cell 

activation and prevented immune-mediated cancer cell death [86]. Importantly, AXL 

depletion in TNBC cell line MDA-MB-231 reduced the expression and PM level of PD-L1 

[85] and similar results were observed in lung adenocarcinoma cell lines treated with AXL 

inhibitor R428 [87]. 

1.3.2.5 AXL targeting in anti-cancer therapies 

Since AXL contributes to tumor growth via multiple mechanisms, its targeting 

is a promising strategy to develop anti-cancer therapy [24, 88]. AXL depletion or inhibition 

was described to suppress migration and invasion of cancer cells and promote their apoptosis 

[89, 90]. Therefore, several strategies dampening the GAS6-AXL system are tested in 

preclinical and clinical studies including tyrosine kinase inhibitors, non-tyrosine kinase 

inhibitors, monoclonal anti-AXL antibodies, GAS6-neutralizing antibodies, soluble receptors 

and nucleotide aptamers (Fig. 1.4) [24, 88]. 
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Fig. 1.4 Different approaches to target GAS6-AXL signaling  
Examples of strategies dampening GAS6-AXL signaling from preclinical and clinical studies 
described in detail in chapter 1.3.2.5. Chemical structures of RU-301 and R428 from 
https://www.medchemexpress.com/. Scheme modified from Di Stasi et al. [88]. 

 Promising preclinical results of small molecule AXL tyrosine kinase domain inhibitors 

in cancer treatment allowed their implementation in clinical trials [91-95]. Besides 

multikinase inhibitors targeting AXL e.g. bosutinib, crizotinib, gilteritinib, a selective AXL 

inhibitor bemcentinib (R428) is currently being tested in the I/II phase of several clinical trials 

against glioblastoma (ClinicalTrials.gov identifier: NCT03965494), melanoma 

(NCT02872259), NSCLC (NCT02424617, NCT02922777), AML (NCT02488408) and 

TNBC (NCT03184558) [24, 88, 96, 97].  

Preventing GAS6-AXL binding serves as an alternative strategy to abolish 

tumorigenic AXL signaling, and multiple approaches have been developed to block GAS6-

induced AXL activation [24, 88]. Developing non-tyrosine kinase inhibitors targeting AXL 

extracellular domain is one example. Studies by Kimani et al. showed that small molecule 

inhibitors, RU-301 and RU-302, blocked binding between an LG-like domain of GAS6 and 

an Ig-like domain of AXL, which in turn abolished GAS6-induced cancer cell motility and 

suppressed lung cancer tumor growth in a mouse xenograft model [98]. Another approach 

includes targeting AXL extracellular region by nucleotide aptamers, which are short, 

structured, single-stranded RNAs or DNAs able to bind their targets. The RNA aptamer 

GL21.T and its corresponding DNA aptamer were shown to efficiently decrease AXL 

signaling in vitro and in vivo, preventing tumor growth in NSCLC and ovarian cancer models 

[99, 100]. Additionally, removing GAS6 by neutralizing proteins, such as anti-GAS6 
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antibodies or a decoy receptor containing AXL extracellular domain, inhibited tumor growth 

of pancreatic adenocarcinoma or ovarian and breast cancer, respectively [101, 102]. 

Another promising AXL-targeting strategy is based on the generation of anti-AXL 

monoclonal antibodies (mAb), which prevent GAS6-AXL signaling. Anti-cancer efficacy 

was shown for anti-AXL YW327.6S2, DAXL-88 or 20G7-D9 antibodies, among others, and 

was validated in mouse and patient-derived xenograft models [103-105]. In addition, very 

efficient anti-cancer activity was reported for antibody-drug conjugate targeting AXL, 

AXL107-MMAE (enapotamab vedotin, AXL107 IgG1 mAb conjugated with microtubule-

disrupting agent monomethyl auristatin E) in the NSCLC model [106]. AXL107-MMAE is 

currently being tested in clinical trials against ovarian, cervical, endometrial, thyroid cancer, 

NSCLC, melanoma and sarcoma (NCT02988817) [88, 96]. 

1.3.3 AXL in viral entry  

 A growing body of evidence reveals that GAS6-AXL complexes mediate entry of 

several viruses e.g. dengue virus [107], Lassa virus [108], Ebola virus [109], Zika virus [110] 

and SARS-CoV-2 [111]. In the process called “apoptotic mimicry”, enveloped viruses were 

shown to expose PtdSer on their surface (similarly to apoptotic cells) and bind AXL using 

GAS6 as a bridging molecule, which promoted viral entry [107, 112, 113]. Additionally, AXL 

signaling during viral infection attenuated innate immune and inflammatory responses, which 

facilitated viral infection and immune evasion. Specifically, virus binding promoted activation 

of AXL signaling and phosphorylation of STAT1/2, which in turn stimulated expression of 

genes encoding AXL and SOCS1/3. The latter inhibited virus-induced activation of TLR3 and 

prevented production of pro-inflammatory cytokines [114, 115].  

Moreover, AXL depletion or inactivation of its kinase domain were shown to prevent 

viral infection of Ebola virus or Zika virus [109, 116, 117]. Accordingly, AXL constitutes a 

promising target for anti-viral treatment, and one of its inhibitors, R428 (bemcentinib) is 

currently being tested in the second phase of a clinical trial for the treatment of COVID-19 

patients under the ACCORD programme (The Accelerating COVID-19 Research & 

Development Platform) [118-120]. 
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1.4 Endocytosis  

 Endocytosis is a process by which cells take up a fragment of PM together with 

transmembrane proteins and the content of extracellular milieu. Internalized material is 

enclosed in vesicles of different sizes varying from 60 nm up to 10 µm in diameter, which 

subsequently fuse with early endosomes [121, 122]. The latter serve as sorting platforms from 

where cargo is distributed to various cellular compartments. By modulating the composition 

of proteins on the PM e.g. receptors, transporters, channels, and regulating the fate of 

internalized cargo, endocytosis was shown to control the responsiveness of cells to various 

extracellular stimuli. In addition, endocytosis contributes to uptake of nutrients, and facilitates 

cellular entry of toxins and pathogens, including viruses [121, 123, 124].  

 Endocytosis is an important regulator of RTK functions, and RTKs were described to 

undergo constitutive or ligand-induced endocytosis, which mediates their availability at the 

cell surface, half-life and signaling [124-126]. Specifically, several studies revealed that 

internalized and ubiquitinated receptors can be sorted for lysosomal degradation, which 

terminates their signaling and decreases the number of receptors on the PM (Fig. 1.5). 

Alternatively, internalized RTKs can be targeted for recycling back to the PM. This increases 

the number of receptors on the cell surface accessible for ligand binding and activation, and in 

turn sustains and/or enhances RTK-mediated signaling (Fig. 1.5) [121, 125, 127].  

 

Fig. 1.5 Schematic representation of receptor-mediated endocytosis and possible fates of 
internalized receptors  
Upon ligand stimulation receptors undergo endocytosis and reach early endosomes. The latter 
serve as sorting platforms from where internalized proteins are directed towards degradation 
or recycling.  
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1.4.1 Endocytic routes 

Cellular entry of receptors was shown to be facilitated by several mechanisms, which 

are typically divided into clathrin-mediated (CME) and clathrin-independent (CIE) 

endocytosis. The latter can be further divided into multiple distinct pathways, characterized 

by the involvement of different effector proteins and the morphology of formed membrane 

carriers (Fig 1.6) [121, 126].  

 

Fig. 1.6 Schematic representation of endocytic routes operating in cells  
Endocytosis is mediated via multiple pathways typically divided into clathrin-mediated 
(CME) and clathrin-independent (CIE) endocytosis. Clathrin-independent endocytosis can be 
further divided into caveolae- or flotillin-mediated endocytosis, the CLIC/GEEC pathway – 
clathrin-independent carriers (CLIC)/ glycosylphosphatidylinositol-anchored proteins (GPI-
AP)-enriched compartments (GEEC), ARF6-dependent endocytosis or FEME – fast 
endophilin-mediated endocytosis.  

1.4.1.1 Clathrin-mediated endocytosis 

 CME is the best characterized endocytic route and was named after its key component, 

the coat protein clathrin discovered in 1975 [128]. This pathway was described to play a 

pivotal role in the uptake of several receptors including G protein-coupled receptors (GPCR), 

RTKs, transferrin (Tf) or low-density lipoprotein (LDL) receptor. The latter two were shown 

to be almost exclusively internalized through CME, thus Tf receptor is considered as a typical 

cargo of this pathway [129].  

 Internalization of cargo through CME can be divided into several, partially 

overlapping steps: initiation, cargo recruitment, coat assembly, scission and uncoating (Fig. 

1.7) [129-131]. The process starts with binding of Fer/Cip4 homology domain-only (FCHO) 

proteins to the PM, which induces membrane curvature and marks the place for vesicle 

formation [132]. Next, heterotetrameric AP2 adaptor protein complex or monomeric adaptors 

and scaffolding proteins such as epsins, phosphatidylinositol-binding clathrin assembly 

protein (PICALM), epidermal growth factor receptor pathway substrate 15 (EPS15), 
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epidermal growth factor receptor pathway substrate 15 like 1 (EPS15L1), NUMB or 

intersectins interact with PM lipids and cargo molecules [130, 131, 133-136]. This in turn 

allows clathrin recruitment and clathrin coat assembly resulting in the formation of clathrin-

coated pits (CCP). Clathrin coat assembly together with actin filament polymerization provide 

force for efficient PM bending and eventually for vesicle scission [126, 130, 131, 137]. The 

latter step is mediated by the large GTPase dynamin supported by Bin/Amphiphysin/Rvs 

(BAR)-domain containing proteins such as amphiphysin, endophilin or sorting nexin 9 

(SNX9) which participate in membrane constriction and fission at the neck of budding 

vesicles [130, 131, 138-141]. As a consequence, clathrin-coated vesicles (CCVs) are released 

from the PM. Finally, CCVs undergo uncoating, which leads to the disassembly of coat and 

adaptor proteins and release of a matured vesicle [130, 131].  

 

Fig. 1.7 Schematic representation of the formation of clathrin-coated vesicle (CCV) 
CCV formation can be divided into five steps: initiation, cargo recruitment, coat assembly, 
scission and uncoating. 

1.4.1.2 Clathrin-independent endocytosis (CIE) 

 CIE defines the group of various endocytic routes that do not require clathrin, but 

strongly rely on actin remodeling [126, 142]. They are further divided based on the carrier 

morphology (e.g. macropinocytosis), transported cargo (e.g. GPI-AP), PM markers 

(e.g. caveolins, flotillins), the speed of the process (e.g. FEME) or involved GTPase 

regulators (e.g. ARF6, RhoA) (Fig. 1.6). However, since some of the regulators are shared 

between different pathways and the same cargo can be internalized via multiple routes, this 

classification remains under debate [126, 143-145].  

1.4.1.2.1 Macropinocytosis 

 Macropinocytosis mediates non-selective uptake of extracellular fluids and soluble 

compounds. This process requires actin polymerization, activation of PI3K and RAS 

GTPases, and occurs via closure of actin-rich membrane protrusions, which results in the 
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formation of large vesicles, up to 10 µm in diameter, called macropinosomes [122, 146]. 

Macropinocytosis was shown to be induced by signaling mediated by various receptors, such 

as RTKs or TLRs, or to be constitutively active in cells deficient of PTEN and expressing 

mutated RAS or PI3K [143, 146-149]. Importantly, a growing body of evidence suggests that 

such constitutive macropinocytic uptake of proteins or cell debris provides nutrients required 

for cancer cell growth, especially under nutrient-deprived conditions [147-149].  

 Macropinocytosis was described to mediate uptake of RTKs, such as EGFR or 

PDGFR upon stimulation by their cognate ligands [150, 151]. Additionally, several studies 

revealed that macropinocytosis facilitates cellular entry of viruses, e.g. vaccinia virus, Ebola 

virus or Lassa virus, and bacteria e.g. several species of Legionella, Salmonella or Shigella 

genera [152, 153].  

1.4.1.2.2 Caveolae-dependent endocytosis 

 Caveolae are cholesterol- and sphingolipid-rich flask-shaped PM invaginations of 60-

80 nm in diameter [154]. They are formed by association of cholesterol-binding proteins 

caveolins and cytoplasmic proteins cavins, which altogether form a coat of caveolae. Among 

3 isoforms of caveolins and 4 isoforms of cavins, caveolin 1, 3 and cavin 1 are required for 

the assembly of caveolae [155-157]. Additionally, their formation depends on the presence of 

PM cholesterol and its depletion by e.g. methyl-β-cyclodextrin leads to caveolae disassembly 

[143, 154, 158]. Similarly to CME, budding caveolae may undergo scission by GTPase 

dynamin, which results in the formation of vesicles [154, 158].  

Caveolae were shown to mediate uptake of several cargos, e.g. SV40 virus [159], 

cholera [160] and tetanus [161] toxins, RTKs [162, 163] and tumor necrosis factor receptor 1 

(TNFR1) [164]. Moreover, besides participating in endocytosis, caveolae provide 

mechanoprotection of cells, reflected by caveolae flattening in response to stretching [165]. 

1.4.1.2.3 Flotillin-dependent endocytosis 

 Flotillin-dependent endocytosis is mediated by PM proteins flotillin 1 and 2 [166, 

167], whose co-assembly results in formation of microdomains and induces PM curvature 

[168, 169]. Involvement of dynamin in this process is still under debate, since there are 

studies in favor of as well as against this hypothesis [168, 170, 171]. Flotillin-mediated 

endocytosis was described to mediate internalization of GPI-AP CD59 [168], cholera toxin B 

subunit (CTxB) [168], EGFR [172] or LDL receptor-related protein 6 [173]. Moreover, a 

recent study showed that flotillin-mediated fluid phase endocytosis enhances cellular uptake 

of cytotoxic drugs, such as cisplatin, revealing a new possible drug delivery route for cancer 

treatment [174].  
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1.4.1.2.4 CLIC/GEEC 

 CLIC/GEEC is an abbreviation for clathrin-independent carriers (CLIC)/ 

glycosylphosphatidylinositol-anchored proteins (GPI-AP)-enriched compartments (GEEC) 

and is a clathrin- and dynamin-independent endocytic route [126, 144]. This pathway requires 

presence of cholesterol and sphingolipids on the PM and activation of actin polymerization 

that generates pulling forces for CLICs formation. The latter is regulated by small GTPase 

CDC42 and GTPase regulator associated with focal adhesion kinase-1 (GRAF1) [126, 175-

177]. The CLIC/GEEC route is responsible for internalization of GPI-APs, CTxB [178], 

CD44, β1-integrin (ITGβ1) [179], galectin-3 [180] or RTKs e.g. PDGFRβ [181], but also 

mediates macropinocytosis-independent fluid phase uptake [143]. Interestingly, galectin-3 

was also shown to initiate PM invagination for CLIC formation by clustering of glycosylated 

proteins e.g. CD44 or integrins in a glycosphingolipid-dependent manner [179, 180]. In 

fibroblasts, CLIC/GEEC-mediated rapid turnover of PM at the leading edges of cells was 

shown to be implicated in redistribution of adhesion molecules and cell migration [179].  

1.4.1.2.5 ARF6-dependent endocytosis 

 ARF6 belongs to the ADP-ribosylation factor family of small GTPases, which was 

described to mediate various cellular functions including lipid metabolism, motility, 

apoptosis, transcription and membrane trafficking [182, 183]. The role of ARF6 in 

endocytosis has been initially attributed to endocytic recycling [184], however further studies 

showed that it can be also implicated in the internalization of several PM proteins such as 

major histocompatibility complex (MHC) class I, interleukin 2 receptor alpha subunit [185], 

glucose transporter 1 (GLUT1), CD44, CD55, CD98, CD147 and intercellular adhesion 

molecule 1 (ICAM1) [186]. ARF6-dependent endocytosis was shown to be dynamin-

independent and sensitive to cholesterol depletion [187]. Despite sharing similarities with the 

CLIC/GEEC pathway, these two endocytic routes are considered separate since ARF6 does 

not play a role in CLIC/GEEC-mediated cargo internalization [188], and perturbation of 

GRAF1 affected CLIC/GEEC-mediated dextran uptake but not MHC class I internalization 

[177]. 

1.4.1.2.6 FEME 

 FEME stands for fast endophilin-mediated endocytosis, and is a recently discovered 

dynamin- and actin-dependent endocytic route [189]. Markers and main effectors of this 

pathway are endophilins A, BAR domain-containing proteins, which were previously 

described to function in CME [189, 190]. Three endophilin A proteins were identified in 

mammalian cells, with ubiquitously expressed endophilin A2 and tissue specific A1 and A3 
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[191]. FEME carriers are formed upon stimulation of cargo receptors by their cognate ligands, 

which leads to the formation of small (∼1 µm), tubulo-vesicular endophilin-positive 

assemblies (EPAs) at the leading edges of migrating cells [189, 191]. Unlike CME, where a 

clathrin coat assembles after cargo recruitment, FEME requires pre-enrichment of endophilins 

on the PM prior to cargo internalization [192]. This pathway mediates transport of GPCRs, 

RTKs [189] and bacterial CTxB and Shiga toxins [193], and is negatively regulated by 

GSK3β and CDK5 [194]. Additionally, a recent study by Genet et al. characterized the SLIT-

ROBO pathway as a critical regulator of cargo uptake through FEME. In the presence of 

SLIT-ROBO signaling, vascular endothelial growth factor receptor 2 (VEGFR2) was 

specifically directed for internalization through FEME, which further induced polarized 

migration of endothelial cells [195].  

1.4.2 The role of endocytosis in regulation of RTK-mediated signaling 

Nowadays, endocytosis is believed to regulate not only the duration of RTK-mediated 

signaling by downregulation of PM levels of receptors but also to affect their signaling 

outcomes. Therefore, endocytosis acts as an important organizer of RTK-mediated signaling 

and endosomes are considered as organelles which serve as platforms for signal propagation 

[125, 196]. 

A growing body of evidence suggests that signaling from RTKs is not restricted to the 

PM, but activated and internalized receptors signal also from endosomes [125, 196, 197]. The 

idea of signaling endosomes arose from studies on activated EGFR and tropomyosin receptor 

kinase A (TrkA), which were detected within endocytic compartments together with their 

downstream effectors [198, 199]. Similarly, endosomal activation of PDGFR was shown to 

recruit several signaling proteins such as GRB2, SHC, PLC-γ, p85α subunit of PI3K [200]. 

Subsequent studies on EGFR showed that the inhibition of its internalization by 

overexpression of dominant negative mutant of dynamin 2 (dynamin 2 K44A mutant) resulted 

in reduced ERK1/2 signaling. The latter suggested that receptor endocytosis was required for 

the full activation of specific signaling pathways [201]. Importantly, EGFR activated on 

endosomes was shown to be able to induce normal signaling responses [202].  

Several studies provided evidence that endosomes participate also in transport and 

delivery of RTK-mediated signaling effectors from one cellular compartment to another. It 

was shown that endosomes carrying nerve growth factor (NGF)-activated TrkA and 

associated signaling effectors were transported from axon to the cell body in neurons, 

providing efficient signal transduction from cell periphery to the nucleus [125, 203]. 

Additionally, endosomal delivery of activated receptors to perinuclear regions appeared to be 
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crucial for amplification of weak signals. Such regulation was demonstrated for HGF-induced 

STAT3 activation. It was shown that STAT3 phosphorylation and its nuclear translocation 

was observed only if HGF-activated MET localized to the perinuclear endosomal 

compartment [125, 204]. Finally, an endosomal system provides also compartmentalization of 

signaling since particular subpopulations of endosomes differ in their functions or lipid and 

protein composition, therefore providing different environments for signal transduction [125, 

197]. For example, APPL endosomes, a subpopulation of early endosomes [205], was shown 

to participate in activation of AKT and ERK effectors upon EGF or NGF stimulation [206, 

207].  

Internalization of RTKs via different endocytic routes may also affect signaling 

outcomes and cellular responses mediated by these receptors. One of the mechanisms 

regulating the choice of an internalization pathway relies on the concentration of a ligand 

[125]. It was shown that low concentration of EGF (∼1 ng/ml) stimulated uptake of EGFR 

mainly through CME, which resulted in receptor recycling. This led to sustained and 

prolonged EGFR-mediated signaling. In contrast, high EGF concentration (>20 ng/ml) 

induced clathrin-independent uptake of EGFR, which caused receptor degradation and 

termination of signaling [208, 209]. Activation of different signaling effectors in response to 

low or high ligand concentrations was also reported for PDGFR. Low PDGF concentration (1 

ng/ml) was proposed to induce PDGFR internalization through CME, which preferentially 

promoted cell migration. In contrast, at high PDGF concentration (>5 ng/ml), PDGFR was 

internalized via CIE, which resulted in cell proliferation [210]. However, studies from our 

laboratory showed that in normal human fibroblasts (CCD-1070Sk cells), stimulation with 

high PDGF-BB concentration induced both CME and CIE of PDGFRβ, and inhibition of both 

mechanisms of internalization resulted in reduced STAT3 phosphorylation and cell 

proliferation [181]. These data suggest that signaling outcomes and cellular responses induced 

by various doses of ligands activating RTKs can be cell type-specific.  

1.4.3 The role of endocytosis in cancer 

 RTKs play an important role in cancer progression and since endocytosis regulates 

their signaling outcomes, aberrant RTK trafficking can support tumorigenesis [211]. In cancer 

cells, RTKs are frequently mutated or overexpressed, which correlates with their constitutive 

activation. The latter very often results from abnormal endocytic trafficking of RTKs 

manifested by their impaired degradation, which leads to sustained signaling [212, 213]. 

Mechanisms responsible for such phenotypes include mutations in RTKs leading to loss of 

sorting signals for internalization or ubiquitination, thereby maintaining their signaling 
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activity at the PM [212]. An example of such mutated receptor is EGFRvIII, which evades c-

CBL-mediated degradation due to the lack of phosphorylation of tyrosine 1045, a docking site 

for c-CBL ubiquitin ligase [214].  

Enhanced recycling is another mechanism underlying prolonged activation and 

signaling of RTKs in cancer [213]. A characteristic feature of some types of cancer is 

increased expression of small GTPases (e.g. RAB25 or RAB35) that regulate endocytic 

recycling. They were shown to facilitate transport of internalized RTKs back to the PM for 

further signaling, which in turn promoted cancer cell migration and invasion [215]. Elevated 

recycling of RTKs was also reported in cells with oncogenic mutations in p53, which together 

with RAS are major drivers of human cancers [212]. In line with that, cells expressing 

mutated p53 displayed reduced degradation and enhanced recycling of EGFR and MET [216, 

217]. On the other hand, G12V mutation in H-Ras was shown to promote tumor progression 

by upregulation of PDGFRβ signaling, resulting from its internalization by macropinocytosis 

[151]. Additionally, activated RAS was shown to induce macropinocytosis in pancreatic 

cancer cells, thus stimulating uptake of extracellular proteins, that served as a source of amino 

acids indispensable for cancer cell proliferation [148]. 

Finally, endocytosis was shown to contribute to the migration and invasion of cancer 

cells due to its involvement in adhesion molecule turnover [212]. For example, increased 

recycling of integrins, transmembrane receptors facilitating contacts between cell-cell and 

cell-ECM, was correlated with invasion and metastasis [216]. Furthermore, internalization 

and lysosomal targeting of E-cadherin downregulated cell-cell adhesions and supported EMT 

and cell migration [218].  
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2. Aims of the study 

 AXL, a member of the TAM (TYRO3, AXL, MER) receptor tyrosine kinase (RTK) 

family, and its ligand GAS6 are associated with pathogenesis of many types of human cancers 

[7]. AXL overexpression was shown to correlate with poorer prognosis, metastasis 

and resistance to conventional and targeted cancer therapies [52]. Additionally, a growing 

body of evidence demonstrates that AXL is also implicated in viral infections and together 

with GAS6 serves as a cofactor for cellular entry of several viruses including Zika virus or 

SARS-CoV-2 [110, 111]. However, the exact biological processes regulated by the GAS6-

AXL pathway remained largely unexplored, and data concerning proteins that interact with 

AXL were almost completely lacking. Moreover, up to date, neither AXL nor other TAM 

receptors have been studied in the context of endocytosis, which is nowadays considered as an 

important regulator of RTK function. Thus, the general aim of this dissertation was to 

characterize an interactome and endocytic trafficking of AXL. 

The specific aims of this study included: 

1. Generation of tools for proximity-dependent biotin identification assay (BioID). 

2. Identification of AXL proximity interactome by BioID. 

3. Evaluation of the contribution of AXL and other TAM receptors to the uptake of the 

ligand GAS6. 

4. Assessing the involvement of AXL kinase domain activity in the ligand-induced AXL 

endocytosis. 

5. Characterization of the kinetics of GAS6-AXL internalization. 

6. Identification of endocytic pathways involved in the internalization of GAS6-AXL 

complexes. 

7. Characterization of the population of endosomes involved in the endocytic trafficking 

of AXL. 

8. Determination of the intracellular fate of internalized AXL receptor. 
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3. Materials and Methods 

3.1 Materials 

3.1.1 Cell lines 

Table 3.1 List of cell lines used in the project 

Cell line Description Source Medium 
HEK293 human embryonic kidney ATCC DMEM 

HEK293T  
highly transfectable, HEK293-
derived cells, containing the 
SV40 T-antigen 

ATCC DMEM 

LN229  glioblastoma ATCC DMEM 

CCD-1070Sk 
normal human foreskin 
fibroblasts 

ATCC MEM 

LN229-gNT#1 NT- non-targeting gRNA Laboratory of Cell 
Biology 

DMEM 
LN229-gNT#2 NT- non-targeting gRNA 
LN229-gAXL#1 LN229 cells with CRISPR-

Cas9-mediated KO of AXL 
Laboratory of Cell 
Biology 

DMEM 
LN229-gAXL#2 
LN229-gTYRO3#1 LN229 cells with CRISPR-

Cas9-mediated KO of TYRO3 
Laboratory of Cell 
Biology 

DMEM 
LN229-gTYRO3#2 
LN229-gNUMB#1 LN229 cells with CRISPR-

Cas9-mediated KO of NUMB 
Laboratory of Cell 
Biology 

DMEM 
LN229-gNUMB#2 
LN229-gEPS15#1 LN229 cells with CRISPR-

Cas9-mediated KO of EPS15 
Laboratory of Cell 
Biology 

DMEM 
LN229-gEPS15#2 
LN229-gEPS15L1#1 LN229 cells with CRISPR-

Cas9-mediated KO of EPS15L1 
Laboratory of Cell 
Biology 

DMEM 
LN229-gEPS15L1#2 

LN229-gCAV1#1 
LN229 cells with CRISPR-
Cas9-mediated KO of CAV1 

Generated in this 
thesis 

DMEM 

LN229-FLOT1#1 LN229 cells with CRISPR-
Cas9-mediated KO of FLOT1 

Generated in this 
thesis 

DMEM 
LN229-FLOT1#2 

3.1.2 Cell culture media and supplements 

Table 3.2 List of products used for cell culture 

Product Source Cat. No. 
Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose Sigma-Aldrich D5671 
Minimum Essential Medium (MEM) Sigma-Aldrich M2279 
Fetal bovine serum (FBS)  Sigma-Aldrich  F7524 
L-glutamine Sigma-Aldrich G7513 
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3.1.3 Bacterial strains (Escherichia coli) 

Table 3.3 List of bacterial strains used in the project 

Strain Genotype Source 

DH5α 
fhuA2 Δ(argF-lacZ)U169 phoA glnV44 φ80Δ(lacZ)M15 
gyrA96 recA1 relA1 endA1 thi-1 hsdR17 

Thermo Fisher 
Scientific 

Stbl3 
F-mcrB mrrhsdS20(rB-, mB-) recA13 supE44 ara-14 galK2 
lacY1 proA2 rpsL20(StrR) xyl-5 λ-leumtl-1 

Thermo Fisher 
Scientific 

3.1.4 Bacteria culture media and supplements 

Table 3.4 List of products used for bacteria culture 

Product Source Cat. No. 
LB Broth Lennox Bio Shop LBL405.1 
LB Agar Lennox Bio Shop LBL406.1 
Ampicilin – selective antibiotic Sigma-Aldrich A9518 
Kanamycin – selective antibiotic Sigma-Aldrich K4000 

3.1.5 Primary antibodies 

Table 3.5 List of primary antibodies used in the project. WB – western blot, IF - 

immunofluorescence 

Antigen Origin Application/Dilution Cat. No. Source 

AKT mouse WB 1:2000 2920 
Cell Signaling 
Technology 

AXL goat IF 1:400 sc-1096 
Santa Cruz 
Biotechnology 

AXL rabbit WB 1:1000, IF 1:200 sc-20741 
Santa Cruz 
Biotechnology 

AXL goat WB 1:1000 AF154 R&D Systems 
biotin rabbit WB 1:1000 ab53494 Abcam 

Caveolin 1 rabbit WB 1:1000, IF 1:500 PA1-064 
Thermo Fisher 
Scientific 

CD44 (agonistic antibody) mouse 
Cell stimulation 
1:100 

338802 BioLegend 

CDC42 rabbit WB 1:1000 sc-87 
Santa Cruz 
Biotechnology 

clathrin heavy chain (CHC) mouse WB 1:5000 610499 BD Biosciences 

c-Myc mouse IF 1:100 sc-40 
Santa Cruz 
Biotechnology 

EEA1 rabbit IF 1:1000 
ALX-210-
239 

Enzo Life 
Sciences 

EGFR rabbit WB 1:1000 ab52894 Abcam 

EPS15 mouse WB 1:1000 sc-390259 
Santa Cruz 
Biotechnology 

EPS15L1 rabbit WB 1:1000 ab76004 Abcam 
ERK1/2 mouse WB 1:1000 9107 Cell Signaling 
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Technology 

Flotillin 1 mouse WB 1:1000 sc-74566 
Santa Cruz 
Biotechnology 

HA rabbit WB 1:1000, IF 1:200 sc-805 
Santa Cruz 
Biotechnology 

LAMP1 rabbit IF 1:200 L-1418 Sigma-Aldrich 

NUMB rabbit WB 1:1000 2756 
Cell Signaling 
Technology 

P-AKT (Ser 473) rabbit WB 1:1000 4060 
Cell Signaling 
Technology 

P-AXL (Tyr702) rabbit WB 1:1000 5724 
Cell Signaling 
Technology 

PDGFRβ rabbit WB 1:1000, IF 1:200 sc-432 
Santa Cruz 
Biotechnology 

P-EGFR (Tyr1173) mouse WB 1:1000 558382 BD Biosciences 
P-ERK1/2 
(Thr202/Tyr204) 

rabbit WB 1:1000 4370 
Cell Signaling 
Technology 

TYRO3 rabbit WB 1:1000 5585 
Cell Signaling 
Technology 

α-tubulin mouse WB 1:10000 T5168 Sigma-Aldrich 
β-actin mouse WB 1:5000 A5441 Sigma-Aldrich 

3.1.6 Secondary antibodies  

Table 3.6 List of secondary antibodies used in the project. WB – western blot, IF - 

immunofluorescence 

Type Origin Application/Dilution Cat. No. Source 
Alexa Fluor 488-
conjugated anti-mouse 

donkey IF 1:500 A-21202 
Thermo Fisher 
Scientific 

Alexa Fluor 555-
conjugated anti-mouse 

donkey IF 1:500 A-31570 
Thermo Fisher 
Scientific 

Alexa Fluor 647-
conjugated anti-mouse 

donkey IF 1:500 A-31571 
Thermo Fisher 
Scientific 

Alexa Fluor 488-
conjugated anti-rabbit 

donkey IF 1:500 A-21206 
Thermo Fisher 
Scientific 

Alexa Fluor 555-
conjugated anti-rabbit 

donkey IF 1:500 A-31572 
Thermo Fisher 
Scientific 

Alexa Fluor 647-
conjugated anti-rabbit 

donkey IF 1:500 A-31573 
Thermo Fisher 
Scientific 

Alexa Fluor 488-
conjugated anti-goat 

donkey IF 1:500 A-11055 
Thermo Fisher 
Scientific 

Alexa Fluor 555-
conjugated anti-goat 

donkey IF 1:500 A-21432 
Thermo Fisher 
Scientific 

Alexa Fluor 647-
conjugated anti-goat 

donkey IF 1:500 A-21447 
Thermo Fisher 
Scientific 
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Horseradish peroxidase 
(HRP)-conjugated anti-
mouse 

goat WB 1:10000 
115-035-
062 

Jackson 
ImmunoResearch 
Labs 

Horseradish peroxidase 
(HRP)-conjugated anti-
rabbit 

goat WB 1:10000 
111-035-
144 

Jackson 
ImmunoResearch 
Labs 

Horseradish peroxidase 
(HRP)-conjugated anti-
goat 

bovine WB 1:10000 
805-035-
180 

Jackson 
ImmunoResearch 
Labs 

Anti-mouse IRDye 
800CW 

donkey WB 1:10000 926-32212 
LI-COR 
Biosciences 

Anti-rabbit IRDye 680CW donkey WB 1:10000 926-68023 
LI-COR 
Biosciences 

Anti-goat IRDye 800CW donkey WB 1:10000 926-32214 
LI-COR 
Biosciences 

3.1.7 Transfection reagents  

Table 3.7 List of transfection reagents used in the project 

Reagent Source Cat. no. 
Lipofectamine® RNAiMAX Thermo Fisher Scientific 13778150 
Lipofectamine® 2000 Thermo Fisher Scientific 11668019 

3.1.8 Other reagents 

Table 3.8 List of other reagents used in the project 

Product Source Cat. No. 
BamHI restriction enzyme Thermo Fisher Scientific ER0051 
Biotin  Sigma-Aldrich B4501 
Bovine serum albumin (BSA) BioShop ALB001 
BsmBI restriction enzyme Thermo Fisher Scientific ER0452 
Calf intestinal alkaline phosphatase (CIAP) Thermo Fisher Scientific 18009019 
CO2-independent medium Thermo Fisher Scientific 18045070  
Cycloheximide (CHX) Carl Roth GmbH 8682.1 
DAPI Sigma-Aldrich D9542 
Dimethyl sulfoxide (DMSO) BioShop DMS666.100 
DNase I Sigma-Aldrich 10104159001 
dNTP Thermo Fisher Scientific R0193 
Dynabeads™ MyOne™ Streptavidin C1  Thermo Fisher Scientific 65002 
EGF PeproTech AF-100-15 
EGF-Alexa-Fluor-555 Thermo Fisher Scientific E35350 
EZ-Link™ Sulfo-NHS-SS-biotin Thermo Fisher Scientific 21328 
Geneticin® Selective Antibiotic (G418) Sigma-Aldrich 11811031 
HEPES Sigma-Aldrich H3375-100G 
LDC1267 MedChemExpress HY-12494 
MluI restriction enzyme Thermo Fisher Scientific ER0561 
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NeutraVidin™ Agarose  Thermo Fisher Scientific 29200 
M-MLV Reverse Transcriptase Sigma-Aldrich M1302 
NheI restriction enzyme Thermo Fisher Scientific ER0971 
Ni-NTA Agarose Qiagen 30210 
Oligo(dT)23, Anchored Sigma-Aldrich O4387 
Opti-MEM  Sigma-Aldrich 11058021 
PageRuler Prestained Protein Ladder Thermo Fisher Scientific 26617 
PDGF-BB PeproTech 100-14B 
Phalloidin-Atto 390 Sigma-Aldrich 50556 
Phosphatase inhibitor cocktail 2 (PIC2) Sigma-Aldrich P5726 
Phosphatase inhibitor cocktail 3 (PIC3) Sigma-Aldrich P0044 
Phusion™ High-Fidelity DNA Polymerase Thermo Fisher Scientific F530L 
Puromycin  Toku-e P001 
PvuI restriction enzyme Thermo Fisher Scientific ER0621 
R428 MedChemExpress HY-15150 
Random Nonamers Sigma-Aldrich R7647 
T4 DNA ligase Thermo Fisher Scientific EL0011 
T4 Polynucleotide Kinase (T4PNK) Thermo Fisher Scientific EK0031 
Taq DNA Polymerase Thermo Fisher Scientific EP0401 
Transferrin-Alexa-Fluor-647 Thermo Fisher Scientific T23366 
Trypsine  VWR MDTC25-052-CV 
Vitamin K1 Carl Roth GmbH 3804.1 
XbaI restriction enzyme Thermo Fisher Scientific ER0681 
XhoI restriction enzyme Thermo Fisher Scientific ER0691 

3.1.9 Commercial kits 

Table 3.9 List of commercial kits used in the project 

Product Source Cat. No. 
Clarity Western ECL Substrate Bio-Rad 1705061 
High Pure RNA Isolation Kit Roche Diagnostics 11828665001 
KAPA SYBR FAST qPCR Master Mix 
(2X) Universal Kit 

KapaBiosystem KK4618 

MinElute Reaction Cleanup Kit  Qiagen 28204 
Pierce BCA Protein Assay Thermo Fisher Scientific 23225 
Plasmid Screening Kit Syngen SY103000 
QIAquick Gel Extraction Kit  Qiagen 28706X4 
  



39 

3.1.10 Small interfering RNA oligonucleotides (siRNA)  

Ambion Silencer Select siRNAs were from Thermo Fisher Scientific. Non-specific Silencer 

Select siRNA oligonucleotides (siCTR#1 and siCTR#2) were used as a negative control. 

Table 3.10 List of siRNA oligonucleotides used in the project 

Name Cat. no. Sequence (5’-3’) 
siCTR#1 4390846 Sequence not provided by the supplier. 
siCTR#2 (custom selected) 4390828 UACGACCGGUCUAUCGUAGtt 
siARF6#1 s1565 GUCUCAUCUUCGUAGUGGAtt 
siARF6#2 s1567 CCAAGGUCUCAUCUUCGUAtt 
siAXL#1 s1845 GGAACUGCAUGCUGAAUGAtt 
siAXL#2 s1846 GGGUGGAGGUUAUCCUGAAtt 
siAXL#3 s1847 AGCGAGAUUUAUGACUAUtt 
siCDC42#1 s2765 UGGUGCUGUUGGUAAAACAtt 
siCDC42#2 s2767 CAGUUAUGAUUGGUGGAGAtt 
siCLTC#1 s475 GGUUGCUCUUGUUACGGAUtt 
siCLTC#2 s476 CGGUUGCUCUUGUUACGGAtt 
siGRAF1#1 s23013  GAGCAAGGGCUGUAUCGAAtt 
siGRAF1#2 s23015 GGAUACGGAUGAUUGAGAAtt 
siTYRO3#1 s14544 GAGCUUUACUUGUCUGCGAtt 
siTYRO3#1 s14546 CAAGCGACAUUGAAGAGUUtt 
siTYRO3#2 s14545 CAGUGACUGUCGGUACAUAtt 

3.1.11 Guide RNA oligonucleotides (gRNAs) used for CRISPR-Cas9-mediated gene 

inactivation 

Two 20-bp-long single-guide RNA (gRNAs) were selected from the Brunello library [219] 

and appropriate pairs of DNA oligonucleotides were designed as described in chapter 3.2.16.  

Table 3.11 List of gRNAs used in the project. F – forward primer, R – reverse primer  

gRNA name Oligonucleotide name Sequence (5’-3’) 

gCAV1#1 
gCAV1#1-F CACCGGCACACCAAGGAGATCGACC 
gCAV1#1-R AAACGGTCGATCTCCTTGGTGTGCC 

gFLOT1#1 
gFLOT1#1-F CACCGAGACGTTAGAGGGCCACCAG 
gFLOT1#1-R AAACCTGGTGGCCCTCTAACGTCTC 

gFLOT1#2 
gFLOT1#2-F CACCGAAAGGTTTACACTCGCCATG 
gFLOT1#2-R AAACCATGGCGAGTGTAAACCTTTC 
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3.1.12 Primers used for real-time quantitative PCR (RT-qPCR) gene expression analysis 

Table 3.12 List of RT-qPCR primers used in the project. F – forward primer, R – reverse 

primer 

Gene name Sequence (5’-3’) 

ACTB 
F- CAGGTCATCACCATTGGCAAT  
R- TCTTTGCGGATGTCCACGT 

AFR6 
F- ATGGGGAAGGTGCTATCCAAAATC  
R- GCAGTCCACTACGAAGATGAGACC 

ARHGAP26 (GRAF1) 
F- TAAGAATGCTTCCAGGACCACTC 
R- GCTGTAACATCTGCCGATTTTTC 

3.1.13 Plasmids  

Table 3.13 List of plasmids used in the project 

Name Source 
pEGFP-N2 Clontech 

pcDNA3.1-BirA*-HA  
Addgene plasmid #36047 
pcDNA3.1-MCSBirA(R118G)-HA 

pmRFP-CLC  
Kind gift from Dr. K.O. Schink (Institute for Cancer 
Research, Oslo University Hospital, Oslo, Norway) 

pmCherry-N1-PICALM  
Kind gift from Dr. K.O. Schink (Institute for Cancer 
Research, Oslo University Hospital, Oslo, Norway) 

pLenti-CMV-MCS-GFP-SV-puro  Addgene plasmid #73582 
LentiCRISPRv2 Addgene plasmid #52961 
psPAX2 Addgene plasmid #12260 
pMD2.G Addgene plasmid #12259 
pcDNA3.1-GAS6-MycHis  Laboratory of Cell Biology 
LentiCRISPRv2-gCAV1#1 Generated in this thesis, see chapter 3.2.16. 
LentiCRISPRv2-gFLOT1#1 Generated in this thesis, see chapter 3.2.16. 
LentiCRISPRv2-gFLOT1#2 Generated in this thesis, see chapter 3.2.16. 
pcDNA3.1-AXL-BirA*-HA Generated in this thesis, see chapter 3.2.10. 
pLenti-CMV-MCS-BirA*-HA Generated in this thesis, see chapter 3.2.11. 
pLenti-CMV-MCS-AXL-BirA*-HA Generated in this thesis, see chapter 3.2.11. 
pEGFP-N2-AXL Generated in this thesis, see chapter 3.2.19. 

3.1.14 Commonly used buffers 

Table 3.14 List and the composition of commonly used buffers 

Name Composition 

CLAAP 
0.6 μg/ml chymostatin, 0.5 μg/ml leupeptin, 10 μg/ml 
antipatin, 2 μg/ml aprotinin, 0.7 μg/ml pepstatin, 10 μg/ml 
APMSF 

2xHBS buffer 
280 mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO4, 10 mM 
KCl, 12 mM sucrose, pH 7.5 

Laemmli buffer 
50 mM Tris pH 6.8, 100 mM DTT, 2% SDS, 10% glycerol, 
0.05% bromophenol blue 
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Mowiol 100 mM Tris pH 8.5, 25% glycerol, 10% polyvinyl alcohol 
Paraformaldehyde (PFA) 3.6% paraformaldehyde, 0.12 mM CaCl2, 0.12 mM MgCl2 
Phosphate buffered saline 
(PBS) 

0.13 M NaCl, 2.7 mM KCl, 4.2 mM Na2HPO4,  
1.4 mM KH2PO4, pH 7.4 

PBST 0.1% Tween-20 in PBS 

RIPA lysis buffer 
150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 
50 mM Tris pH 8.0, 0.5 mM EDTA 

Running buffer 25 mM Tris pH 8.5, 0.19 M glycine, 1% SDS 
Saponin solution I in PBS 0.1% saponin, 0.2% gelatin, 5 mg/ml BSA 
Saponin solution II in PBS 0.01% saponin, 0.2% gelatin 
TAE buffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA 
TBST 0.05% Tween-20, 10 mM Tris, 150 mM NaCl 
Transfer buffer 20 mM Tris pH 8.3, 0.15 M glycine, 20% methanol 
WB blocking buffer 5% non-fat dry milk in TBST 
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3.2 Methods 

3.2.1 Cloning of DNA fragments into plasmid vectors 

To generate required plasmids, appropriate DNA sequences were amplified 

by polymerase chain reaction (PCR) using Phusion™ High-Fidelity DNA Polymerase 

according to the manufacturer’s protocol. Reaction mix contained the following reagents 

(final volume 50 µl): 10 µl of HF reaction buffer (5x concentrated), 200 µM of each dNTP, 

0.5 µM of each primer (forward and reverse), 50 ng of DNA template, 1 U of Phusion™ 

High-Fidelity DNA Polymerase and H2O up to 50 µl. The presence and proper size of 

amplified DNA fragment was assessed via DNA electrophoresis in agarose gels. After PCR, 

amplified DNA fragment was purified with MinElute Reaction Cleanup Kit and next, together 

with an appropriate plasmid, was incubated at 37 °C with dedicated restriction enzymes. 

Products of reactions were run on agarose gels, purified with QIAquick Gel Extraction Kit 

and ligated for 16 h with T4 DNA ligase at 22 °C to generate a plasmid with a given insert. 

Ligation was terminated by 5 min incubation at 70 °C. Ligation mix contained the following 

reagents (final volume 20 µl): 2 µl of T4 DNA ligase buffer (10x concentrated), 50 ng of 

digested plasmid, an appropriate amount of the insert calculated according to the molar 

vector-to-insert ratio 1:3 (calculated with http://www.insilico.uni-

duesseldorf.de/Lig_Input.html ligation calculator), 0.5 mM ATP, 1 U of T4 DNA ligase and 

H2O up to 20 µl. 

Next, chemically competent bacteria of the DH5α E. coli strain were transformed with 

the products of ligation. For selection of transformed bacteria, they were seeded on LB agar 

plates with ampicillin (final concentration 100 μg/ml) or kanamycin (final concentration 50 

μg/ml) and incubated overnight at 37 °C. Selected colonies of bacteria were next screened for 

the presence of plasmids by colony PCR. Colony PCR mix contained the following reagents 

(final volume 50 µl): 5 µl of Taq DNA Polymerase buffer, 200 µM of each dNTP, 0.5 µM of 

each primer (forward and reverse), 1.5 mM MgCl2, 1 U of Taq DNA Polymerase 

(recombinant) and H2O up to 50 µl. A single colony of bacteria was used as DNA template. 

The presence of amplified DNA fragment was checked via DNA electrophoresis in an agarose 

gel. Subsequently, bacteria colonies carrying generated plasmids were inoculated in 4 ml of 

liquid LB medium supplemented with appropriate antibiotic and incubated overnight at 37 °C 

with shaking (180 rpm, STUART orbital incubator SI500). Plasmid DNA was next isolated 

with Plasmid Screening Kit, DNA concentration was measured with NanoDrop 8000 

Spectrophotometer (Thermo Fisher Scientific) and the cloned sequences were verified by 

sequencing (performed by Genomed Warsaw). 
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3.2.2 Preparation of chemically competent bacteria 

 A single colony of the DH5α or Stbl3 E. coli strains was incubated in 10 ml of LB 

medium overnight at 37 °C. The following day, the bacteria culture was added to 1 l of LB 

and grown until reaching the optical density (measured at 600 nm) between 0.3 and 0.5. Next, 

bacteria were incubated on ice for 10 min and centrifuged at 1500 g for 10 min at 4 °C. The 

pellet was suspended in 100 ml of cold TF1 buffer (10 mM MES pH 5.8, 45 mM MnCl2, 

10 mM CaCl2, 100 mM RbCl) and kept on ice for 5 min. After that, bacteria were again 

centrifuged as described above, resuspended in 20 ml of TF2 buffer (10 mM PIPES pH 6.5, 

50 mM CaCl2, 10 mM RbCl, 15% glycerol) and incubated on ice for 20 min. Competent 

bacteria were aliquoted, immediately frozen on dry ice and stored at -80 °C. 

3.2.3 Bacteria transformation 

 Chemically competent DH5α of Stbl3 bacteria was thawed on ice. Next, plasmid DNA 

or ligation mixture was added to the competent bacteria, mixed and incubated on ice for 

30 min. After that, cells were transferred to 42 °C for 1 min (heat shock) and moved back 

to ice for 2 min. One ml of warm LB medium was added to bacteria which were subsequently 

grown for 1 h at 37 °C with shaking. Then, bacteria were plated on pre-warmed agar plates 

with LB medium supplemented with appropriate antibiotic and incubated overnight at 37 °C. 

3.2.4 Cell culture, freezing and thawing 

 HEK293, HEK293T, wild type (WT) and CRISPR-Cas9-mediated knockout (KO) 

LN229 cells were maintained in DMEM, whereas CCD-1070Sk cells in MEM medium. All 

media were supplemented with 10% FBS and 2 mM L-glutamine (full medium) and cells 

were cultured in 10 cm diameter dishes in an incubator with 5% CO2 at 37 °C. Cells that 

reached 80% confluency were washed twice with PBS, detached from the dish by incubation 

with trypsin at 37 ºC, diluted to a desired density (HEK293, HEK293T 1:20, WT and KO 

LN229 1:6-1:10, CCD-1070Sk 1:6) and transferred to a new dish. 

 In order to be frozen, cells were detached from dishes with trypsin and centrifuged at 

200 g for 5 min. Cell pellets were suspended in FBS supplemented with 10% dimethyl 

sulfoxide (DMSO), transferred to cryotubes, slowly frozen at -80 °C and moved to liquid 

nitrogen for long time storage. 

 For thawing, cells were quickly defrosted at 37 °C in a water bath and suspended in 

appropriate medium pre-heated up to 37 °C. To remove DMSO, cells were centrifuged at 200 

g for 5 min, resuspended in fresh medium and plated on the dish for further culture. 
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3.2.5 Cell seeding  

To seed a desired number of cells, 10 μl of cell suspension was mixed with 10 μl 

of Trypan blue, moved to EVETM cell counting slides (NanoEntek, cat. no. EVS-050) and cell 

density was analyzed in EVETM Automated Cell Counter (NanoEntek, cat. no. EVE-MC). 

Next, cells were diluted and seeded accordingly: 

- 5×104 cells/well or 2×104 cells/well (for siRNA transfection experiments) 

of LN229 cells and 5×104 cells/well of CCD-1070Sk cells on 12-mm coverslips 

in 24-well plates for immunofluorescence (IF), 

- 3×105 cells/well or 1.5×105 cells/well (for siRNA transfection) of LN229 cells 

in 6-well plates for western blot (WB). 

3.2.6 Generation of stable HEK293 cell line secreting GAS6-MycHis 

To generate HEK293 cells expressing GAS6-MycHis recombinant protein, 

pcDNA3.1-GAS6-MycHis plasmid, linearized with PvuI restriction enzyme was used 

for transfection of HEK293 cells. Transfection was performed using Lipofectamine® 2000 

transfection reagent, according to manufacturer’s instructions. Next, cells were cultured with 

G418 for 2 weeks to select transfected cells and single clones were isolated from G418-

resistant population. GAS6-MycHis secretion to the medium was verified via western blot. 

Single clones were obtained by culturing 500 cells in 10 cm dishes for 2 weeks, followed by 

transfer of the formed colonies to 24-well plates by scratching cells with sterile 200 μl pipette 

tips. Clones expressing high levels of GAS6-MycHis were selected for the production of 

conditioned medium.  

3.2.7 Purification of GAS6-MycHis from the conditioned medium 

For GAS6-Myc-His purification from the conditioned medium, HEK293 expressing 

recombinant GAS6 were cultured for 72 h in serum-free medium, supplemented with 

10 µg/ml vitamin K1. Next, the conditioned medium with GAS6-MycHis was collected, 

filtered through 0.2 µm filters and dialyzed twice against 50 mM phosphate buffer, pH 7.4, 

with 300 mM NaCl and 10 mM imidazole for 24 h. Next, GAS6-MycHis was captured on Ni-

NTA Agarose and eluted with 50 mM phosphate buffer pH 7.4 containing 300 mM NaCl and 

150 mM imidazole. Protein purity and yield were assessed by 10% SDS-PAGE followed by 

Coomassie Brilliant Blue (R-250) staining of the gel. GAS6-MycHis-containing fractions 

were pooled and dialyzed against PBS using Amicon Ultra-15 Centrifugal Filter Unit 

(Millipore). The purified GAS6-MycHis concentration was measured with Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific). Finally, purified GAS6-MycHis was diluted to 

the concentration of 0.2 mg/ml and kept at -80 °C for long time storage. 
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3.2.8 Cell stimulation with the ligands and treatment with inhibitors 

 Sixteen hours before stimulation cell culture medium was exchanged to FBS-free 

medium (starvation medium). On the day of LN229 cell stimulation, 1 M HEPES pH 7.5 was 

added to the medium to the final concentration of 20 mM. Subsequently, cells were incubated 

with 400 ng/ml GAS6-MycHis, 400 ng/ml EGF-Alexa-Fluor-555, 400 ng/ml EGF or 5 µg/ml 

anti-CD44 antibodies for the indicated time periods at 37 °C outside of the CO2 incubator.  

For CCD-1070Sk cell stimulation, the medium was exchanged to ice-cold CO2-

independent medium supplemented with 2 mM L-glutamine. To allow ligand binding, serum-

starved cells were incubated with 400 ng/ml GAS6 and 50 ng/ml PDGF-BB on ice for 30 

min. To remove unbound ligands, cells were next washed twice with ice-cold CO2-

independent medium and incubated in warm CO2-independent medium for the indicated time 

periods at 37 °C to allow endocytosis. 

For inhibitor treatment, cells were incubated with 10 µg/ml of cycloheximide, 5 µM 

R428 or LDC1267 for 30 min at 37 °C prior to stimulation with GAS6. In control samples, 

the same volume of DMSO was added. 

3.2.9 Production of lentiviruses and lentiviral transduction 

 To produce lentiviruses used for transduction of LN229 cells for recombinant protein 

expression or CRISPR-Cas9-mediated knockout of genes, 8×105 cells/well HEK293T cells 

were seeded into a 6-well plate. The following day, a 100 µl mix of 4 μg of pLenti-CMV-

MCS-BirA*-HA or pLenti-CMV-MCS-AXL-BirA*-HA (for BirA*-HA or AXL-BirA*-HA 

protein expression, respectively) or LentiCRISPRv2 with cloned appropriate gRNA (see 

chapter 3.1.11), together with pMD2.G (1 μg) and psPAX2 (3 μg) packaging plasmids and 

CaCl2 (250 mM) was diluted twice by adding it dropwise into 2xHBS buffer. The obtained 

transfection mixes were incubated for 15 min and added to HEK293T cells for lentiviral 

production. The next day, medium was exchanged for 1.1 ml fresh full DMEM medium to 

concentrate the virus. Forty eight hours after transfection medium was collected, filtered 

through sterile 0.45 µm filters and used for transduction of LN229 cells. 

For lentiviral transduction 3×105 cells/well of LN229 cells were seeded into a 6-well 

plate. One day later, the medium was exchanged to 1 ml fresh full DMEM and 1 ml of virus-

containing media to infect cells. After 48 h, medium from LN229 cells was exchanged to 

fresh full DMEM supplemented with puromycin (final concentration 1 µg/ml) for selection of 

transduced cells. Expression of recombinant proteins or knockout of genes was verified via 

WB and/or IF.  
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3.2.10 Generation of HEK293 cells stably expressing BirA*-HA or AXL-BirA*-HA 

HEK293 cells expressing BirA*-HA or AXL-BirA*-HA were generated using 

pcDNA3.1-BirA*-HA or pcDNA3.1-AXL-BirA*-HA, respectively. pcDNA3.1-AXL-BirA*-

HA plasmid was generated by amplification of AXL coding sequence from pcDNA3.1-AXL 

with forward primer 5’-TGTTCTGCTAGCATGGCGTGGCGGTGCCCCAG-3’, containing 

NheI restriction site and reverse primer 5’-

GTGCTTGGATCCGGCACCATCCTCCTGCCCTG-3’ containing BamHI restriction site 

and its subcloning into pcDNA3.1-BirA*-HA vector.  

HEK293 cells were transfected with PvuI restriction enzyme-linearized pcDNA3.1-

BirA*-HA or pcDNA3.1-AXL-BirA*-HA plasmids. Transfection was performed using 

Lipofectamine® 2000 Transfection Reagent according to the manufacturer’s protocol. 

Subsequently, cells were grown for 2 days, and transfected cells were selected by culturing 

in medium supplemented with G418 (final concentration 1 mg/ml). Expression of BirA*-HA 

or AXL-BirA*-HA was checked using WB and IF. Since the obtained G418-resistant 

population of cells was heterogeneous with respect to BirA*-HA and AXL-BirA*-HA 

expression, single clones were obtained as described in chapter 3.2.6.  

3.2.11 Generation of LN229 cells stably expressing BirA*-HA or AXL-BirA*-HA 

 LN229 cells stably expressing BirA*-HA or AXL-BirA*-HA were generated 

by lentiviral transduction as described in chapter 3.2.9. For generation of pLenti-CMV-MCS-

BirA*-HA plasmid, BirA*-HA coding sequence was amplified from pcDNA3.1-BirA*-HA 

using forward primer 5’-TGTTCTTCTAGAGCTAGCGCTTAAGGCCTGTTAAC-3’ 

(containing XbaI restriction site) and reverse primer 5’-

GTGCTTACGCGTCTATGCGTAATCCGGTACATC-3’ (containing MluI restriction site) 

and subcloned into pLenti-CMV-MCS-GFP-SV-puro.  

pLenti-CMV-MCS-AXL-BirA*-HA plasmid was generated by amplification of AXL-

BirA*-HA coding sequence from pcDNA3.1-AXL-BirA*-HA using forward primer 5’ 

TGTTCTGCTAGCATGGCGTGGCGGTGCCCCAG-3’ (containing NheI restriction site) 

and reverse primer 5’-GTGCTTACGCGTCTATGCGTAATCCGGTACATC-3’ (containing 

MluI restriction site) and subcloning into pLenti-CMV-MCS-GFP-SV-puro. 

3.2.12 Proximity-dependent biotin identification (BioID) 

The BioID protocol was adapted from Roux et al. [220] and experiments were 

performed in 3 biological repeats. 1×106 HEK293 or LN229 cells expressing BirA*-HA 

or AXL-BirA*-HA protein were seeded in 10 cm dish in full medium. HEK293 cells were 

then incubated for 24 h with 50 μM biotin in the presence or absence of 400 ng/ml GAS6. In 
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case of LN229 cells, they were washed with PBS and starved for 16 h in medium without 

FBS before biotin and GAS6 treatment.  

After incubation with biotin, cells were washed two times with PBS and lysed using 

lysis buffer (50 mM Tris-Cl, pH 7.4, 500 mM NaCl, 0.2% SDS) supplemented with 1 mM 

DTT, CLAAP (diluted 1:500) and phosphatase inhibitor cocktails 2 and 3 (diluted 1:100). 

Next, 60 µl Triton X-100 was added to lysates to the final concentration of 2%. Lysates were 

subsequently sonicated twice with 20 pulses, using a Badelin Ultrasonic Homogenizer HD 

2070, at 20% duty cycle, and an output level of 2. After that, 540 µl of pre-chilled 50 mM 

Tris-Cl, pH 7.4 was added to each sample. Samples were then centrifuged at 16500 g for 

15 min at 4 °C, 150 μl of each sample was kept for WB (input) and the rest was incubated 

overnight on the rotator with 100 μl of streptavidin-coated magnetic beads (Dynabeads™ 

MyOne™ Streptavidin C1) at 4 °C. Before incubation, beads were equilibrated in 0.75 ml of 

lysis buffer and 0.75 ml of 50 mM Tris-Cl pH 7.4 at room temperature (RT).  

The next day, samples were washed twice with 1.5 ml of wash buffer I (2% SDS in 

H2O), once with 1.5 ml of wash buffer II (0.1% deoxycholic acid, 1% Triton X-100, 1 mM 

EDTA, 500 nM NaCl, 50 mM HEPES pH 7.5) and 1.5 ml of wash buffer III (0.5% 

deoxycholic acid, 0.5% NP-40, 1 mM EDTA, 250 mM LiCl, 10 mM Tris-Cl pH 7.4) 

for 8 min. After that, beads were resuspended in 1.5 ml 50 mM Tris-Cl pH 7.4 and 10% 

of each sample was kept for WB analysis. All samples were subsequently centrifuged 

for 5 min at 2000 g at 4 °C. The supernatants were removed and beads were resuspended 

in 50 μl of water or Laemmli buffer (output samples) for mass spectrometry or WB analysis, 

respectively. Prior to mass spectrometry analyses, protein biotinylation status in the input and 

output samples was assessed by WB. 

3.2.13 Mass spectrometry analysis 

Mass spectrometry analyses were performed by the Laboratory of Mass Spectrometry 

at the Institute of Biochemistry and Biophysics, Polish Academy of Sciences in Warsaw. 

Biotinylated proteins bound to streptavidin-coated magnetic beads underwent a standard 

procedure for qualitative mass spectrometry, which included reduction and alkylation of 

protein disulfide bonds and trypsin digestion for peptide generation [221]. Peptide mixtures 

were next analyzed by liquid chromatography coupled to tandem mass spectrometry (LC-

MS/MS) using Nano-Acquity (Waters Corporation) UPLC system and LTQ-FT-Orbitrap 

(Thermo Scientific) mass spectrometer. Acquired raw data were processed by Mascot 

Distiller followed by Mascot Search (Matrix Science, London, UK, on-site license) against 

the SwissProt database restricted to human sequences. The mass spectrometry proteomics 
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data have been deposited to the ProteomeXchange Consortium via the PRIDE [222] partner 

repository with the dataset identifier PXD017933. 

3.2.14 Gene Ontology (GO) analysis of mass spectrometry data 

Lists of hits obtained from mass spectrometry analysis of AXL-BirA*-HA samples 

(with or without GAS6) were compared to the ones obtained from BirA*-HA expressing cells 

considered as control samples. Proteins identified in at least 2 out of 3 experiments, with ≥ 

2 peptides at least in one experiment, and having sum of Mascot scores in AXL-BirA*-HA 

samples three times higher in comparison to control, were considered as AXL proximity 

interactors.  

AXL interactors underwent GO analysis of biological processes, molecular functions 

and cellular components using the clusterProfiler package (version 3.6.0; [223] and enrichGO 

function. All enrichment p‐values in GO analysis were corrected for multiple testing using the 

Benjamini–Hochberg method, and only proteins with adjusted p‐value < 0.05 were considered 

significant. The minimal and maximal sizes of protein clusters were set to 10 and 500, 

respectively. Redundant terms were removed by means of the simplify function with cutoff 

0.65. Calculations were performed in R version 3.6.1 (https://www.R-project.org) by Dr. 

Krzysztof Kolmus (Laboratory of Cell Biology, IIMCB Warsaw).  

3.2.15 Surface biotinylation assay 

 LN229 cells were seeded at the density of 3×105 cells/well in a 6-well plate. The 

following day medium was exchanged, and cells were serum-starved for 16 h. After 

starvation, cells were stimulated with EGF (400 ng/ml) or GAS6 (400 ng/ml) for the indicated 

time periods, cooled down on ice, washed twice with ice-cold PBS and incubated with EZ-

Link™ Sulfo-NHS-SS-biotin (0.33 mg/ml in PBS) for 45 min at 4 °C with gentle agitation. 

Next, cells were washed 3 times with cold quenching buffer (40 mM glycine, 0.4% BSA, 0.5 

mM MgCl2, 1 mM CaCl2 in TBS), twice with cold TBS supplemented with 0.5 mM MgCl2, 1 

mM CaCl2 and lysed in 200 μl of RIPA buffer. Lysates were then centrifuged at 15000 g for 

15 min at 4 °C, supernatants were transferred to new tubes and protein concentration was 

assessed with Pierce BCA Protein Assay. For pull-down of biotinylated proteins, the same 

amount of proteins from each condition was diluted in 200 μl of RIPA buffer, and 10% of 

each sample was kept as a whole cell lysate control. The rest was incubated for 16 h with 30 

μl/sample of NeutraVidin™ Agarose at 4 °C with rotation. Before incubation, NeutraVidin™ 

Agarose was diluted in RIPA buffer, centrifuged at 3200 g for 3 min at RT and washed 

further 2 times with RIPA buffer. After overnight incubation, samples were centrifuged at 

3200 g for 3 min at 4 °C and washed with 500 μl of RIPA buffer. The washing step was 
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repeated 3 times. Finally, beads were resuspended in 50 μl Laemmli buffer and samples were 

analyzed using WB. 

3.2.16 Generation of LN229 cells with CRISPR-Cas9-mediated knockout of CAV1 or 

FLOT1 

To establish KO LN229 cell lines, gRNA sequences targeting CAV1 or FLOT1 were 

selected from the Brunello library [219] and appropriate oligonucleotides with added cloning 

overhangs (shown below in red) were ordered from Sigma-Aldrich. The used oligonucleotides 

are listed in chapter 3.1.11. 

gRNA-F 5’ – CACCG XXXXXXXXXXXXXXXXXXXX  – 3’ 

gRNA-R 3’ – C XXXXXXXXXXXXXXXXXXXX CAAA – 5’ 

Pairs (forward and reverse) of corresponding nucleotides were next phosphorylated 

and annealed by incubation with T4 Polynucleotide Kinase (T4PNK) for 30 min at 37 °C, 

heating up to 95 °C for 2 min and subsequent cooling down to RT. Reaction mix contained 

the following reagents (final volume 10 µl): 1 µl of reaction buffer A (10x concentrated), 2 

μM oligonucleotide mix (forward and reverse), 0.5 mM ATP, 5 U of T4PNK and H2O up to 

10 µl. 

LentiCRISPRv2 vector was linearized for 4 h with BsmBI restriction enzyme. The 

following reagents were used for the vector linearization (final volume 30 µl): 3 µl of Tango 

Buffer (10x concentrated), 5 μg of LentiCRISPRv2 vector, 1 µl of BsmBI restriction enzyme 

and H2O up to 30 µl. Subsequently, linearized LentiCRISPRv2 vector was dephosphorylated 

by addition of 1 µl of calf intestinal alkaline phosphatase (CIAP) to the reaction mix. After 

that, vector was run on 0.5% agarose gel, cut out from the gel and purified using QIAquick 

Gel Extraction Kit. Then, linearized LentiCRISPRv2 was ligated for 16 h with annealed 

phosphorylated oligonucleotides with gRNA sequences diluted 20x in buffer A, using 

T4 DNA ligase at 22 °C. Ligation mix contained the following reagents (final volume 10 µl): 

1 µl of T4 DNA ligase buffer (10x concentrated), 50 ng of linearized LentiCRISPRv2 vector, 

0.5 µl of annealed oligonucleotides, 1 mM ATP, 2.5 U of T4 DNA ligase and H2O up to 10 

µl. Reaction was terminated by incubation of samples at 70 °C for 5 min. Next, samples were 

cooled down on ice, and products of ligation were transformed into Stbl3 E. coli strain 

(chapter 3.2.3). Transformed bacteria were selected with ampicillin (final concentration 

100 μg/ml), plasmid DNA was isolated, and the presence of cloned oligonucleotides was 

verified by sequencing (Genomed Warsaw).  

The obtained plasmids with appropriate gRNAs, together with psPAX2 and pMD2.G 

packaging plasmids, were used for production of lentiviruses and LN229 cells with CRISPR-
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Cas9-mediated knockout of CAV1 or FLOT1 were generated by lentiviral transduction 

(described in chapter 3.2.9).  

3.2.17 Transfection of cells with siRNA 

 Cells were seeded in appropriate plates 24 h before transfection. On the day 

of transfection, siRNAs were diluted in Opti-MEM medium to a final concentration of 10 nM. 

Cells were transfected with Lipofectamine® RNAiMAX transfection reagent according to the 

manufacturer’s protocol and analyzed 72 h post transfection, unless stated otherwise. 

Silencing efficiency was controlled by WB or RT-qPCR (chapter 3.2.20 and 3.2.21, 

respectively). Sequences of the used Ambion Silencer Select siRNAs are listed in chapter 

3.1.10. 

 For efficient CLTC silencing the protocol was modified as follows, 2.5×105 LN229 

cells/well were seeded in 6-well plates and after 24 h cells were transfected with control 

siRNA or siRNAs against CLTC. Next, 48 h after transfection, 4×104 cells/well were re-plated 

on 12 mm coverslips in 24-well plates and 24 h later transfected again with the same siRNAs. 

Cells were analyzed 72 h after second transfection and silencing efficiency was controlled by 

WB. Experiments with CLTC silencing were performed together with Kamila Kozik, master 

student in the Laboratory of Cell Biology.  

3.2.18 Immunofluorescence (IF) staining and image analysis 

After stimulation, cells were transferred to ice, washed twice with ice-cold PBS for 5 

min and fixed with 3.6% paraformaldehyde in PBS for 10 min at RT. Next, cells were washed 

twice with PBS and either stained directly or kept at 4 °C for later staining. Cells stimulated 

with anti-CD44 antibodies were additionally incubated for 5 min with ice-cold buffer 

containing 0.5% acetic acid and 0.5 M NaCl and washed twice with ice-cold PBS prior 

fixation. 

For staining, cells were incubated in saponin solution I for 10 min to permeabilize the 

PM. Next, cells on coverslips were incubated in droplets of primary antibodies diluted in 

saponin solution II in a humid chamber for 1 h at RT. After that, cells were washed twice with 

saponin solution II, and incubated with fluorescent secondary antibodies diluted in saponin 

solution II for 30 min in a humid chamber at RT. To stain actin or nuclei, Phalloidin-Atto 390 

(diluted 1:500) or DAPI (diluted 1:1000), respectively, were added during the incubation with 

secondary antibodies. Then, cells on coverslips were washed twice in PBS, briefly soaked 

in water and attached to glass slides using Mowiol.  

 Cells were imaged using LSM 710 confocal microscope (Zeiss) with EC-Plan-

Neofluar 40×/1.3 oil immersion objective, and ZEN 2009 software (Zeiss) was used 



51 

for acquisition. For each experimental condition at least ten 12-bit images with resolution 

1024×1024 pixels were acquired. Integral fluorescence intensity, number of vesicles 

and colocalization were calculated using the MotionTracking software 

(http://motiontracking.mpi-cbg.de) [224, 225]. Pictures were assembled in Photoshop (Adobe) 

with only linear adjustments of brightness and contrast.  

3.2.19 Total internal reflection fluorescence (TIRF) microscopy live-cell microscopy 

For TIRF live-cell imaging, LN229 cells were transfected with pEGFP-N2-AXL 

together with pmRFP-CLC or pmCherry-N1-PICALM using Lipofectamine® 2000 

transfection reagent according to the manufacturer’s protocol. Next, cells expressing AXL-

EGFP and mRFP-CLC or AXL-EGFP and mCherry-PICALM were imaged using a 

Deltavision OMX V4 (GE Healthcare) with a 60× TIRF objective. Images were acquired 

every 20 s up to 10 min after the ligand administration and were further deconvolved as 

described elsewhere [226]. Experiments were performed by Dr. Daria Zdżalik-Bielecka 

during realization of her EMBO Short Term Fellowship at the Institute for Cancer Research, 

Oslo University Hospital, Norway. 

For the generation of pEGFP-N2-AXL plasmid, AXL coding sequence was amplified 

from pcDNA3.1-AXL using forward primer 5’-

TGTTCTCTCGAGATGGCGTGGCGGTGCCCCAG-3’ containing XhoI restriction site and 

reverse primer 5’- GTGCTTGGATCCAGGCACCATCCTCCTGCCCTG-3’ containing 

BamHI restriction site and subcloned into pEGFP-N2 vector (Clontech). 

3.2.20 Protein electrophoresis and western blot (WB)  

 For protein analyses, cells were transferred to ice, washed 2 times with ice-cold PBS 

and lysed in RIPA buffer containing CLAAP (diluted 1:500), phosphatase inhibitor cocktail 2 

and 3 (diluted 1:100), and DNase I (1 μg/ml). Lysates were centrifuged at 15000 g for 15 min 

at 4 °C and supernatants were kept for further analyses. Protein concentration was assessed 

with Pierce BCA Protein Assay, and samples were denatured by adding Laemmli buffer and 

incubated at 95 °C for 5 min.  

 Electrophoretic separation of proteins was performed under denaturing conditions 

(SDS-PAGE) on 10-15% polyacrylamide gels. Protein samples together with molecular 

weight marker were loaded on gels and resolved in running buffer at 60 V for 30 min, and 

next voltage was increased up to 100 V. After electrophoresis, proteins were transferred onto 

nitrocellulose membrane (GE Healthcare, cat. no. GE10600002) at 100 V for 1.5 h in transfer 

buffer at 4 °C. Membranes were then blocked in 5% milk (or BSA for BioID samples) in 

TBST for 1 h and incubated for 16 h at 4 °C with primary antibodies, diluted as described in 
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chapter 3.1.5. Next, membranes were washed 3 times with TBST and incubated for 1 h at RT 

with appropriate secondary antibodies (conjugated with HRP or infrared fluorescent dyes, 

listed in chapter 3.1.6). After that, membranes were washed 3 times with TBST, and signals 

were detected with Clarity Western ECL blotting substrate using the ChemiDoc Touch 

Imaging System (Bio-Rad) if HRP-conjugated secondary antibodies used, or the Odyssey 

infrared imaging system (LI-COR Biosciences) for secondary antibodies conjugated with 

infrared fluorescent dyes. Figures were assembled in Photoshop (Adobe) with only linear 

adjustments of brightness and contrast. Densitometric analysis of detected bands (Fig. 4.31B) 

was performed with Image Lab Software (Bio-Rad).  

3.2.21 Real-time quantitative PCR (RT-qPCR)  

 For RT-qPCR total RNA was isolated using High Pure RNA Isolation Kit according 

to the manufacturer’s protocol and the concentration of isolated RNA was assessed by 

NanoDrop 8000 Spectrophotometer (Thermo Fisher Scientific). One μg of isolated RNA 

diluted in 10 μl of H2O was used for cDNA synthesis. First, a denaturation step was 

performed for 10 min at 70 °C and the denaturation mix contained the following reagents 

(final volume 13 μl): 10 μl diluted RNA (100 ng/μl), 1 μl of dNTP mix (10 mM), 1 μl of 

Random Nonamers (50 μM) and 1 μl of Oligo(dT)23 (70 μM). After that, samples were cooled 

down on ice and reverse transcription was performed. Reaction mixes contained: 13 μl of 

denaturation mix (from the previous step), 2 μl of M-MLV reverse transcriptase buffer, 1 μl 

M-MLV reverse transcriptase and 4 μl of H2O (final volume 25 μl). The prepared samples 

were incubated for 10 min at RT, followed by 50 min incubation at 37 °C, and finally 10 min 

at 90 °C. The obtained cDNA was diluted 4 times in H2O before further analysis by RT-

qPCR. 

RT-qPCR was performed with a KAPA SYBR FAST qPCR Master Mix (2X) 

Universal Kit using a 7900HT fast real-time PCR system (Applied Biosystems). The primers 

used for RT-qPCR are listed in chapter 3.1.12. Data were quantified using Data Assist v2.0 

software (Applied Biosystems) and the expression of target genes were normalized to the 

level of ACTB mRNA. 

3.2.22 Statistical analysis 

Quantitative data for statistical analysis were shown as means ± SEM (displayed 

as an error bar) from at least three independent experiments, unless stated otherwise. 

Statistical analyses were calculated in GraphPad Prism version 8 software using the Student’s 

one sample t-test. The significance of mean comparisons was annotated as follows: ns, non-

significant (p>0.05), *p≤0.05, **p<0.01, and ***p≤0.001, ****p≤0.0001. 
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4. Results 

4.1 Identification of AXL proximity interactome 

To provide the first comprehensive analysis of AXL interactome, proximity-dependent 

biotin identification (BioID) was performed. BioID is based on a fusion of a mutated biotin 

ligase BirA-R118G (BirA*) from Escherichia coli to the protein of interest. Addition of biotin 

to the culture medium of cells expressing BirA*-tagged proteins activates the biotin ligase and 

induces proximity-dependent biotinylation of proteins that are near-neighbors of the fusion 

protein [227]. Next, biotinylated proteins are isolated by affinity capture and identified by 

mass spectrometry (Fig. 4.1). Given this, BioID allows identification of weak and transient 

interactions but also proteins which are located in close proximity of the tested protein. 

 
Fig. 4.1 Schematic representation of the BioID method  

4.1.1 Purification of GAS6-Myc-His 

 To identify AXL interactome under basal and ligand-stimulated conditions, C-

terminally-modified Myc-His-tagged version of human GAS6 was purified from culture 

supernatants. To this end, HEK293 cells were transfected with plasmid pcDNA3.1-GAS6-

Myc-His containing the GAS6-Myc-His coding sequence preceded with the secretion signal 

from the V-J2-C region of the mouse Ig kappa-chain (Fig. 4.2A). The latter allows secretion 

of GAS6-Myc-His to the culture media for its subsequent purification. To ensure efficient 

production of a recombinant protein, the clonal selection of transfected cells was performed. 

As shown in Fig. 4.2B, secretion of GAS6-Myc-His differed between clones, and the highest 

level of secreted ligand was detected in the culture medium of clone 1, therefore it was further 

used for the production of conditioned medium and the purification of GAS6-Myc-His (Fig. 

4.2C). The purified GAS6-Myc-His (hereafter called GAS6) was biologically active, since it 

induced phosphorylation of AXL in a dose-dependent manner in glioblastoma LN229 cells 

(Fig. 4.2D).  
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Fig. 4.2 Dose-dependent phosphorylation of AXL by purified Gas6 
A Western blot showing expression of GAS6-Myc-His in HEK293 cells after transient 
transfection with pcDNA3.1-GAS6-Myc-His plasmid. Antibodies recognizing HIS tag or 
GAS6 were used for immunodetection of proteins. B Western blot showing the level of 
GAS6-Myc-His in the culture supernatant of clonally selected, stably transfected HEK293 
cells. Antibodies recognizing GAS6 were used for immunoblotting. C A Coomassie stained 
gel of GAS6-Myc-His (GAS6) purified from culture medium collected from clone 1 of 
HEK293 cells expressing GAS6-Myc-His. D Western blot showing phosphorylation of AXL 
(P-AXL, Y702) after stimulation of LN229 cells with increasing concentration of GAS6. 
Serum-starved LN229 cells were incubated with the ligand for 10 min and immunoblotted 
against the indicated proteins. α-tubulin served as a loading control. NS- non-stimulated cells. 

4.1.2 Generation of cell lines for BioID  

HEK293 cells, which do not express AXL and AXL-expressing LN229 cells were 

used to determine AXL proximity interactome (Fig. 4.3A). HEK293 cells were selected since 

they are routinely used in the BioID assay [227-229], and LN229 cells as they represent a 

cancer relevant model to investigate cellular functions of AXL.  

To perform proximity-dependent biotin identification, HA-tagged, mutated biotin 

ligase BirA-R118G-HA (hereafter denoted as BirA*-HA) was fused to the C-terminal part of 

AXL, generating AXL-BirA*-HA fusion protein (Fig. 4.3B). To this end, AXL coding 

sequence was subcloned into pcDNA3.1-BirA*-HA vector to generate pcDNA3.1-AXL-

BirA*-HA plasmid. Next, both plasmids were used for transfection of HEK293 cells. The 

expression of BirA*-HA, which further served as a control for BioID, and AXL-BirA*-HA 

was verified by WB in HEK293 cells (Fig. 4.3C). To check the functionality of AXL-BirA*-

HA fusion protein, its activation was analyzed upon GAS6 stimulation. As shown in Fig. 

4.3D, GAS6 triggered phosphorylation of AXL-BirA*-HA, which confirmed that AXL-

BirA*-HA fusion protein was biologically active. Additionally, the immunofluorescence (IF) 

analysis showed that AXL-BirA*-HA fusion protein localized properly to the plasma 

membrane (Fig. 4.3E). 
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Fig. 4.3. Generation and validation of tools for BioID 
A Western blot showing expression of AXL, TYRO3 and MER (TAM receptors) in LN229 
and HEK293 cells. Cells were lysed and immunoblotted against the indicated proteins. α-
tubulin served as a loading control. B Schematic representation of BirA*-HA and AXL-
BirA*-HA proteins generated for the purpose of the BioID analysis. C Western blot showing 
expression of BirA*-HA and AXL-BirA*-HA in HEK293 cells after transient transfection 
with pcDNA3.1-BirA*-HA or pcDNA3.1-AXL-BirA*-HA plasmids, respectively. Antibodies 
recognizing HA were used for immunodetection of proteins. D Western blot showing the 
phosphorylation of AXL-BirA*-HA protein (P-AXL, Y702) upon stimulation with GAS6. 
Serum-starved HEK293 cells expressing AXL-BirA*-HA were stimulated with GAS6 for the 
indicated time periods, lysed and immunoblotted against the indicated proteins. α-tubulin was 
used as a loading control. NS- non-stimulated cells. E Confocal images showing expression 
of BirA*-HA and AXL-BirA*-HA in HEK293 cells after transient transfection with 
pcDNA3.1-BirA*-HA or pcDNA3.1-AXL-BirA*-HA plasmids, respectively. Cells were 
fixed and stained with antibodies recognizing HA (red), DAPI was used to visualize nuclei 
(blue). Insets show magnified views of boxed regions in the main images. Scale bars: 20 μm.  

However, since the obtained population of cells was heterogeneous with respect to 

BirA*-HA or AXL-BirA*-HA expression (Fig. 4.3E), a clonal selection was performed. The 

presence of BirA*-HA or AXL-BirA*-HA proteins in the generated clones was verified by 

WB and IF. The latter additionally allowed confirming their proper cellular localization. As 

shown in Fig. 4.4A, among 27 clones tested, AXL-BirA*-HA was detected only in six of 

them (clones 3, 6, 7, 15, 22, 24). The highest level of AXL-BirA*-HA protein was detected 

for clone 15, nevertheless this population of cells was still heterogeneous, and only around 

60% of cells expressed AXL-BirA*-HA (Fig. 4.4B). Therefore, yet another round of clonal 

selection was applied. 
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Fig. 4.4 Generation of HEK293 cell line stably expressing AXL-BirA*-HA fusion protein  
A Western blot analyses of AXL-BirA*-HA protein level in clones generated from AXL-
BirA*-HA-expressing HEK293 cells. Cells were lysed and immunoblotted against AXL. α-
tubulin was used as a loading control. B Confocal images showing expression of AXL-BirA*-
HA in HEK293 cells after clonal selection. Cells of HEK293 AXL-BirA*-HA clone 15 were 
fixed and stained with anti-HA (red), anti-AXL (green) antibodies and DAPI was used to 
visualize nuclei (blue). Scale bar: 20 μm. 

The second clonal selection was sufficient to generate HEK293 cell line in which 

AXL-BirA*-HA was detected in almost all cells (Fig. 4.5). Of note, only one round of clonal 

selection was required for generation of BirA*-HA-expressing HEK293 cell line (Fig. 4.5).  

 

Fig. 4.5 HEK293 cell lines stably expressing BirA*-HA or AXL-BirA*-HA proteins  
Confocal images of HEK293 cells stably expressing BirA*-HA or AXL-BirA*-HA showing 
the localization of ectopically expressed proteins. Cells were fixed and stained with anti-HA 
(red) and anti-AXL (green) antibodies. Insets show magnified views of boxed regions in the 
main images. WT- wild type HEK293 cells. Scale bars: 20 μm. 

 The same strategy was initially used for the generation of LN229 cells stably 

expressing BirA*-HA or AXL-BirA*-HA. Unfortunately, this method was largely ineffective 
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in case of this cell line, because of low transfection efficiency, and after double clonal 

selection cells were still largely heterogenous with respect to AXL-BirA-HA* expression 

(Fig. 4.6A). Therefore, the sequences encoding BirA*-HA and AXL-BirA*-HA were 

subcloned into pLenti-CMV-MCS-GFP-SV-puro plasmid and lentiviral transduction was used 

to establish LN229 cells expressing BirA*-HA or AXL-BirA*-HA. This method allowed 

generating desired cell lines without subsequent clonal selection, since BirA*-HA or AXL-

BirA*-HA was detected in almost all LN229 cells after lentiviral transduction followed by 

antibiotic selection (Fig. 4.6B).  

 
Fig. 4.6 Generation of LN229 cell lines stably expressing BirA*-HA or AXL-BirA*-HA 
proteins  
A Confocal images of LN229 cells expressing AXL-BirA*-HA after transfection and double 
clonal selection. Cells were transfected with pcDNA3.1-AXL-BirA*-HA plasmid, fixed and 
stained with anti-HA (red), anti-AXL (green) antibodies and DAPI was used to stain nuclei 
(blue). Insets show magnified views of boxed regions in the main images. Scale bar: 20 μm. 
B Confocal images of LN229 stably expressing BirA*-HA or AXL-BirA*-HA. Cells were 
transduced with lentiviruses, fixed and stained with anti-HA (red) and anti-AXL (green) 
antibodies. Insets show magnified views of boxed regions in the main images. WT- wild type 
LN229 cells Scale bars: 20 μm. 

4.1.3 Proximity-dependent biotin identification (BioID) 

The generated HEK293 and LN229 cells expressing BirA*-HA or AXL-BirA*-HA 

proteins were next used for the BioID assay. To ensure efficient protein biotinylation, LN229 

AXL-BirA*-HA cells were incubated with biotin for various time periods and the 
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biotinylation of proteins was assessed by WB (Fig. 4.7A). In line with the literature [227] and 

our data, 24 h of biotin incubation was selected for further experiments as it ensured the most 

efficient protein biotinylation. Thus, HEK293 and LN229 cell lines stably expressing BirA*-

HA or AXL-BirA*-HA were incubated with biotin for 24 h in the presence or absence of 

GAS6. Following cell lysis, biotinylated proteins were isolated using streptavidin-coated 

magnetic beads. Prior to mass spectrometry analysis, samples before (input) and after (output) 

streptavidin-mediated pull-down were analyzed by WB. The results showed significant 

enrichment of biotinylated proteins in the output samples, in comparison to the input, both in 

HEK293 and LN229 cells (Fig. 4.7B and C). Therefore, mass spectrometry analysis was 

performed to identify biotinylated AXL proximity interactors. 

 

Fig. 4.7 Proximity-dependent biotin identification (BioID) 
A Western blot showing protein biotinylation in LN229 AXL-BirA*-HA cells incubated with 
biotin for increasing time periods. Antibodies against biotin were used for immunoblotting. α-
tubulin served as a loading control. B, C Western blot showing the biotinylation of proteins in 
HEK293 (B) and LN229 (C) cells expressing BirA*-HA or AXL-BirA*-HA before (input) 
and after (output) pull-down with streptavidin-coated magnetic beads. Cells were serum-
starved and incubated with biotin for 24 h in the presence or absence of GAS6. Antibodies 
recognizing biotin were used for immunoblotting. NS- non-stimulated cells, GAS6- GAS6-
stimulated cells. 

4.1.4 Analysis of identified AXL proximity interactors  

To distinguish AXL proximity interactors from false positive hits, the lists of proteins 

identified in cells expressing AXL-BirA*-HA fusion protein +/-GAS6 were compared to the 

ones found in control cells expressing BirA*-HA. The following criteria were applied to 

consider a protein as an AXL proximity interactor: i) identification in at least 2 out of 3 

experiments, ii) with ≥ 2 peptides at least in one experiment, iii) with three times higher sum 

of Mascot scores in AXL-BirA*-HA samples in comparison to the control. 

In HEK293 cells, 116 and 151 proteins fulfilling the criteria were found in non-

stimulated (NS) and GAS6-treated samples, respectively (Fig. 4.8A, Table S1 in 

supplementary materials). Similarly, in LN229 cells 114 proteins in non-stimulated samples 
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and 147 in samples from GAS6-stimulated cells were identified (Fig. 4.8B, Table S2 in 

supplementary materials). In general, more proteins were identified in GAS6-stimulated than 

in non-stimulated cells. Among hits identified in HEK293 cells, 26 proteins were unique for 

non-stimulated cells, 61 for GAS6-stimulated cells and 90 proteins were common for both 

conditions (Fig. 4.8A, Table S1 in supplementary materials). In case of proteins identified in 

LN229 cells, 21 and 64 were unique for non-stimulated and GAS6-stimulated conditions, 

respectively, while 93 proteins were common for both groups (Fig. 4.8B, Table S2 in 

supplementary materials).  

 
Fig. 4.8 Venn diagrams showing the number of identified AXL interactors in HEK293 
and LN229 cells 
A, B Analysis of the number of identified AXL proximity interactors in non-stimulated and 
GAS6-stimulated HEK293 (A) and LN229 (B) cells expressing AXL-BirA*-HA fusion 
protein. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. 

Next, the identified AXL proximity interactors underwent the Gene Ontology (GO) 

analysis of biological processes. As shown in Fig. 4.9, this analysis indicated the enrichment 

of proteins implicated in axonogenesis, cell junction organization, several actin-related 

processes, supramolecular fiber organization and angiogenesis among AXL interactors, both 

in non-stimulated and GAS6-stimulated samples. Additionally, in GAS6-stimulated cells, 

AXL was found to interact with proteins involved in receptor-mediated endocytosis and 

endosomal transport, signaling, positive regulation of GTPase activity, cell-substrate adhesion 

and positive regulation of migration, among others (Fig. 4.9). 
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Fig. 4.9 The Gene Ontology analyses of biological processes of the identified AXL 
interactors 
A, B The Gene Ontology (GO) analyses of biological processes among the identified AXL 
proximity interactors in LN229-AXL-BirA*-HA (A) and HEK293-AXL-BirA*-HA (B) cells. 
NS- non-stimulated cells, GAS6- GAS6-stimulated cells. 

Similarly to the GO analysis of biological processes, the GO analysis of molecular 

functions highlighted that AXL proximity interactors were components of cytoskeleton and 

were involved in actin binding (Fig. 4.10A). Additionally, they were implicated in binding of 

cadherins, phosphatidylinositols, phospholipids or small GTPases and functioned as kinase 

activity regulators (Fig. 4.10A). The GO analysis of cellular components revealed that AXL 

proximity interactors localized to cell-cell and cell-substrate junctions, focal adhesions (FAs), 

leading edge and lamellipodium, among others (Fig. 4.10B). Altogether, the performed GO 

analyses linked AXL with processes and structures involving actin cytoskeleton, its regulation 

and rearrangements (Fig. 4.9 and 4.10). These processes were investigated in a separate study 
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in the Laboratory of Cell Biology [89], while this thesis focused on AXL proximity 

interactors linked with intracellular trafficking.  

 
Fig. 4.10 The Gene Ontology analyses of molecular functions and cellular components of 
the identified AXL interactors 
A, B The Gene Ontology (GO) analyses of molecular functions (A) and cellular components 
(B) among the identified AXL proximity interactors in LN229-AXL-BirA*-HA and HEK293-
AXL-BirA*-HA cells. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. 

4.1.5 Proteins implicated in intracellular trafficking among identified AXL proximity 

interactors 

Manual annotations of AXL proximity interactors based on GeneCards 

(https://www.genecards.org) and UniProt (https://www.uniprot.org/) databases as well as 

literature search showed that many AXL proximity interactors mediated various stages of 

vesicular trafficking starting from the internalization via various types of endocytosis, both 

CME and CIE, intracellular transport between endosomes, ER-to-Golgi or Golgi-to-

endosomes transport, endosomal recycling, secretion and exocytosis (Fig. 4.11, Table 4.1, 

Table S1 and S2 in supplementary materials). 
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Fig. 4.11 Scheme of AXL proximity interactors involved in intracellular trafficking in 

LN229 cells 
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Table 4.1. AXL proximity interactors implicated in intracellular trafficking 

No Gene Symbol Protein 
Name 

Accession Role in endocytosis HEK293 LN229 References 
 NS GAS6 NS GAS6 

1. ACTB β-Actin P60709 Clathrin-mediated and -independent endocytosis  - + + - [137, 230] 
2. AGFG1 AGFG1 P52594 Clathrin-mediated endocytosis - + - + [231, 232] 
3. AHNAK AHNAK Q09666 Clathrin-independent endocytosis  + + + + [179] 
4. ANKS1A ANKS1A Q92625 Endocytic recycling, endoplasmic reticulum-to-Golgi 

transport 
- + - - [233, 234] 

5. ANXA1 Annexin 1 P04083 Multivesicular body biogenesis - + - - [235] 
6. ANXA2 Annexin 2 P07355 Endocytic trafficking  + + + - [236, 237] 
7. AP3D1 AP3D1 O14617 Post-Golgi trafficking, secretion - + - - [238-240]  
8. ARHGAP10 ARHGAP10 A1A4S6 Clathrin-independent endocytosis - - - + [188] 
9. ARHGAP21 ARHGAP21 Q5T5U3 Endocytic trafficking, actin polymerization  + - - - [241] 
10. ARL13B ARL13B Q3SXY8 Endocytic recycling + - - - [242] 

11. ASAP1 ASAP1 Q9ULH1 Endocytic recycling, autophagy - - - + [243, 244] 
12. CAV1 Caveolin 1 Q03135 Clathrin-independent endocytosis - - + + [154, 245] 
13. CBL CBL P22681 Receptor-mediated endocytosis, degradation  - + - - [246-248] 
14. CCDC88A Girdin Q3V6T2 Clathrin-mediated endocytosis  + - - - [249] 
15. CD2AP CD2AP Q9Y5K6 Endocytic trafficking  + + + + [250-252] 
16. CD44 CD44 P16070 Clathrin-independent endocytosis  - - + + [143, 179] 
17. CLINT1 EpsinR Q14677 Clathrin-mediated endocytosis  + + - - [253-255] 
18. COPG1 COPI Q9Y678 Endoplasmic reticulum-to-Golgi transport + + - - [256, 257] 
19. COPG2 COPG2 Q9UBF2 Endoplasmic reticulum-to-Golgi transport + + - - [258, 259] 
20. CTNND1 Catenin delta-1 O60716 Endocytosis of the dynamic E-cadherin-Bazooka 

complex 
+ + + + [260] 

21. CTTN CTTN Q14247 Clathrin-mediated and -independent endocytosis + + - + [261, 262] 

22. DBNL DBNL Q9UJU6 Clathrin-mediated endocytosis  - - + + [263, 264] 
23. DLG1 DLG1 Q12959 Endocytic trafficking  + + + + [265] 
24. DVL2 Dishevelled O14641 Clathrin-mediated endocytosis  - + - - [266] 
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25. DYM Dymeclin Q7RTS9 Endoplasmic reticulum-to-Golgi transport  + - - - [267] 

26. EFHD2 Swiprosin-1 Q96C19 Clathrin-independent endocytosis - - - + [268] 
27. EHBP1 EHBP1 Q8NDI1 Endocytic recycling, actin reorganization  + + + + [269-271] 
28. EHBP1L1 EHBP1L1 Q8N3D4 Endocytic recycling - - + + [272] 
29. EMD Emerin P50402 Autophagy - + - - [273] 
30. EPS15 EPS15 P42566 Clathrin-mediated endocytosis, post-Golgi trafficking, 

endocytic recycling 
- + - + [274, 275] 

31. EPS15L1 EPS15L1 Q9UBC2 Clathrin-mediated endocytosis  + + + + [135, 276] 
32. ERBIN Erbin Q96RT1 Endocytic recycling + + + + [277] 

33. ERC1 RAB6IP2, ERC1 Q8IUD2 Endosome-to-Golgi transport, exocytosis, secretion - - + + [278-281] 

34. ESYT2 Extended 
synaptotagmin-2 

A0FGR8 Clathrin-mediated endocytosis - - + + [282] 

35. FAM129A FAM129A Q9BZQ8 Autophagy - - + + [283] 
36. FLOT1 Flotillin 1 O75955 Clathrin-independent endocytosis - - + + [168, 169] 

37. FLOT2 Flotillin 2 Q14254 Clathrin-independent endocytosis, endocytic recycling + + - - [169, 284] 
38. GGA3 GGA3 Q9NZ52 Endocytic recycling - + - + [285, 286] 

39. GAPDH GAPDH P04406 Endoplasmic reticulum-to-Golgi transport, intracellular 
trafficking  

- - - + [287, 288] 

40. GOLGB1 Giantin Q14789 Secretion  + + - + [289] 
41. GPR37 GPR37 O15354 Clathrin-independent endocytosis  - - + - [179] 

42. HIP1 HIP1 O00291 Clathrin-mediated endocytosis - + - - [290, 291] 

43. HSPA1A HSPA1A P0DMV8 Clathrin-independent endocytosis - + - + [292] 
44. INPP5F INPP5F, SAC2 Q9Y2H2 Clathrin-mediated and -independent endocytosis - - - + [293] 
45. INPPL1 SHIP2 O15357 Clathrin-independent endocytosis  - + + + [192, 294] 
46. KIF5B KIF5B P33176 Clathrin-mediated endocytosis, phagocytosis - + + - [295, 296] 
47. LRBA LRBA P50851 Endocytic trafficking, recycling, autophagy  - + - - [297] 
48. MARCKS MARCKS P29966 Endocytic trafficking  + + + + [298, 299] 
49. MICALL1 MICALL1 Q8N3F8 Endocytic trafficking and recycling  + + - - [300-302] 
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50. MSN Moesin  P26038 Clathrin-mediated endocytosis, multivesicular body 
biogenesis 

- - + - [303-305] 

51. MTMR6 MTMR6 Q9Y217 Clathrin-independent endocytosis, autophagy - - - + [306, 307] 

52. MYO1B MYO1B O43795 Membrane invagination during post-Golgi vesicle 
formation  

+ + - - [308, 309] 

53. MYO6 MYO6 Q9UM54 Clathrin-mediated endocytosis - + - + [310, 311] 
54. NDGR1 NDGR1 Q92597 Endocytic trafficking - + + + [312] 
55. NF1 NF1 P21359 Clathrin-independent endocytosis + + - - [313, 314] 
56. NF2 Merlin P35240 Endocytic trafficking and recycling, clathrin-

independent endocytosis 
+ - - + [315-317] 

57. NUMB NUMB P49757 Clathrin-mediated endocytosis  + + - + [136, 318] 
58. NUMBL NUMBL Q9Y6R0 Clathrin-mediated endocytosis + - - - [319, 320] 
59. OCLN Occludin Q16625 Endocytic trafficking and secretion  + + - - [321, 322]  
60. PICALM PICALM Q13492 Clathrin-mediated endocytosis + + - - [134, 323] 
61. PLIN3 Perilipin 3 O60664 Endosome-to-Golgi transport  - - + + [324, 325] 
62. PTPN11 SHP2 Q06124 Endocytic trafficking - - - + [326, 327] 
63. RAB11FIP1 RAB11FIP1 Q6WKZ4 Endocytic recycling, endosome-to-Golgi transport, 

secretion 
+ + - - [328-330] 

64. RAB11FIP2 RAB11FIP2 Q7L804 Endocytic recycling - + - - [331, 332] 
65. RAB11FIF5 RAB11FIP5 Q9BXF6 Endocytic recycling, secretion - + - + [333-335] 
66. RAPH1 Lamellipodin Q70E73 Clathrin-mediated and -independent endocytosis  - - + + [192, 336] 
67. ROBO1 ROBO1 Q9Y6N7 Clathrin-independent endocytosis  - - + + [195] 
68. RTN4 Reticulon-4 Q9NQC3 Clathrin-independent endocytosis  - - - + [179] 
69. SCRIB SCRIB Q14160 Regulation of retromer localization and cargo sorting; 

endocytic recycling 
+ + + + [337, 338] 

70. SCYL2 SCYL2 Q6P3W7 Clathrin-mediated endocytosis - + - - [339] 
71. SEC24B SEC24B O95487 Endoplasmic reticulum-to-Golgi transport  + + - + [340, 341] 
72. SEPT7 Septin 7 Q16181 Endocytic trafficking + + + + [342, 343] 
73. SEPT9 Septin 9 Q9UHD8 Endosomal sorting + + + + [343, 344] 
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74. SH3KBP1 CIN85 Q96B97 Endosomal sorting, clathrin-mediated endocytosis, 
degradation  

- - + + [246, 345, 
346] 

75. SH3RF1 SH3RF1 Q7Z6J0 Clathrin-independent endocytosis, secretion - - - + [347, 348] 
76. SLC3A2 CD98 P08195 Clathrin-independent endocytosis  + + + + [179] 

77. SLITRK5 SLITRK5 O94991 Endocytic trafficking + - - - [349] 
78. SNAP23 SNAP23 O00161 Endocytic trafficking + + + + [350-352] 
79. SNAP29 SNAP29 O95721 Endocytic trafficking and recycling + + + + [353-355]  
80. SNX1 SNX1 Q13596 Endocytic trafficking and recycling + + + + [356-358] 
81. SNX2 SNX2 O60749 Endocytic trafficking and recycling - + - - [357, 359] 
82. SNX6 SNX6 Q9UNH7 Endocytic recycling, endosome-to-Golgi transport - + - - [360-362] 
83. SYNJ2 Synaptojanin 2 O15056 Clathrin-mediated endocytosis - + - + [363] 
84. TRIO TRIO O75962 Post-Golgi trafficking - + - + [364] 
85. TRIP11 GMAP‐210 Q15643 Secretion  + + - + [365] 

86. UTRN Utrophin P46939 Caveolae-mediated endocytosis + + + + [366] 
87. VAMP3 VAMP3 Q15836 Endocytic recycling  - + - + [367, 368] 
88. VAPB VAPB O95292 Endoplasmic reticulum-to-Golgi, endosome-to-Golgi 

transport 
- - + + [369, 370] 

89. WASF2 WAVE2 Q9Y6W5 Clathrin-independent endocytosis - - - + [371, 372] 
90. YKT6 YKT6 O15498 Endocytic trafficking, secretion  + + + + [373-375] 
91. ZDHHC5 ZDHHC5 Q9C0B5 Endosome-to-Golgi transport  + + + + [376] 

92. ZFYVE16 Endofin Q7Z3T8 Clathrin-mediated endocytosis - + - - [377] 

NS- non-stimulated cells, GAS6- GAS6-stimulated cells 
 
+ protein was identified as AXL proximity interactor in a given sample  
- protein was not identified as AXL proximity interactor in a given sample 
 



  

4.2 Involvement of AXL and activation of its kinase domain in the internalization of 

GAS6-AXL complexes  

Since endocytosis is an important regulator of RTK function [124, 126], the broad 

representation of proteins involved in intracellular trafficking among AXL proximity 

interactors implies that it may also regulate the biology of AXL. Thus, as the endocytic 

trafficking of AXL and other TAM receptors has not been studied, the characterization of this 

process was undertaken. 

4.2.1 The role of GAS6 in endocytosis of AXL 

 LN229 cells were selected as the main cellular model to study AXL endocytosis, as 

they display high endogenous level of the receptor (Fig. 4.3A) and were used for the 

identification of AXL interactome (Fig. 4.7-4.10). To check whether GAS6 triggered 

internalization of AXL, the level of plasma membrane AXL was analyzed by the surface 

biotinylation assay. As a positive control of the experiment, the surface level of EGFR was 

analyzed upon stimulation with its ligand EGF. Thus, serum-starved LN229 cells were 

stimulated with GAS6 or EGF and subsequently incubated on ice with EZ-Link™ Sulfo-

NHS-SS-biotin to allow biotin labelling of surface proteins. Next, cells were lysed and 

incubated with NeutraVidin™ agarose resin to capture biotinylated proteins. After pull-down, 

samples were analyzed by WB. As shown in Fig. 4.12A, EGF stimulation decreased PM level 

of EGFR, which reflected ligand-induced endocytosis of EGFR and served as a control. 

Similarly, stimulation of cells with GAS6 reduced the surface level of AXL (Fig. 4.12A), 

which suggested that AXL was also internalized into the cells after ligand stimulation.  

Next, tools and protocols for visualization of AXL endocytosis were generated and 

optimized. To this end, serum-starved LN229 cells were stimulated with GAS6, fixed and 

stained with anti-Myc and anti-AXL antibodies to label the ligand and the receptor, 

respectively. Confocal microscopy revealed that GAS6 stimulation triggered the formation of 

intracellular vesicles positive for both GAS6 and AXL. Additionally, siRNA-mediated 

silencing of AXL showed that AXL staining was specific, as receptor-positive vesicles 

disappeared in cells depleted of AXL (Fig. 4.12B). Efficient AXL silencing was confirmed by 

WB (Fig. 4.12C). 



68 

 
Fig. 4.12 The role of GAS6 in AXL internalization 
A Western blot showing levels of AXL and EGFR after stimulation with GAS6 or EGF, 
respectively, and biotinylation with EZ-Link™ Sulfo-NHS-SS-biotin. Cells were lysed, and 
10% of each sample was collected as a whole cell lysate control. The remaining samples were 
incubated with NeutraVidin™ agarose resin to isolate biotinylated surface proteins. Next, 
samples were immunoblotted with antibodies recognizing AXL and EGFR. Lamin A/C and 
GAPDH served as technical controls of the experiment. B Confocal images showing GAS6-
mediated endocytosis of GAS6-AXL complexes. LN229 cells were transfected with non-
targeting (siCTR#1) and AXL-targeting (siAXL#1) siRNA. Next, 72 h after transfection, 
serum-starved cells were stimulated for 5 min, fixed and stained with anti-Myc (red) to 
visualize GAS6 and anti-AXL (green) antibodies, to visualize ligand and receptor, 
respectively. Insets show magnified views of boxed regions in the main images. Scale bars: 
20 μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. C Western blot showing the 
efficiency of AXL silencing. LN229 cells were transfected as described in B, lysed and 
immunoblotted against AXL. UNTR- non-transfected cells. α-tubulin was used as a loading 
control. 

4.2.2 AXL - a primary receptor for GAS6 required for GAS6 internalization 

 As shown in Fig. 4.3A, LN229 cells express two TAM receptors, AXL and TYRO3. 

Thus, since GAS6 was postulated to activate all three TAMs [9, 378-381], the involvement of 

AXL and TYRO3 in GAS6 endocytosis was investigated. CRISPR-Cas9-mediated AXL or 

TYRO3 knockout (KO) LN229 cells were used to discriminate which of the two receptors was 

involved in GAS6 internalization. Endosomal accumulation of GAS6 and AXL, represented 

by a number or integral fluorescence intensity of vesicles, in wild-type (WT) and KO cells 

was measured after 5 min (Fig. 4.13A-C) and 10 min (Fig. 4.13D-F) of GAS6 stimulation. 

Early endosome antigen 1 (EEA1) immunostaining was used to mark early endosomes. The 

obtained results revealed that depletion of AXL but not of TYRO3 inhibited the endocytosis 

of GAS6 (Fig. 4.13). 
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Fig. 4.13 Indispensable role of AXL in GAS6 internalization 
A, D Confocal images showing uptake of GAS6-AXL complexes in wild type (WT) and 
AXL- or TYRO3-depleted LN229 cells. Two gRNAs targeting AXL (gAXL#1 and gAXL#2) 
and targeting TYRO3 (gTYRO3#1 and TYRO3#2) were used to generate CRISPR-Cas9-
edited cell lines. LN229 cells modified with two non-targeting gRNA (gNT#1 and gNT#2) 
served as controls. Serum-starved cells were stimulated with GAS6 for 5 min (A) or 10 min 
(D), fixed and stained with anti-Myc (red) to visualize GAS6, anti-AXL (green) and anti-
EEA1 (blue) antibodies. Insets show magnified views of boxed regions in the main images. 
Scale bars: 20 μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. B, C, E, F 
Quantification of number (B, E) and integral fluorescence intensity (C, F) of GAS6- and 
AXL-positive vesicles in AXL- or TYRO3-depleted LN229 cells stimulated with GAS6 for 5 
min (B, C; representative confocal images shown in A), or 10 min (E, F; representative 
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confocal images shown in D) n=4. Student’s one sample t-test, **p≤0.01, ***p≤0.001, 
****p≤0.0001, ns - non-significant (p>0.05). Each dot represents data from one independent 
experiment whereas bars represent the means ± SEM from n experiments.  

 To further confirm the contribution of AXL to the internalization of GAS6, siRNA-

mediated silencing of AXL or TYRO3 was performed. Similarly to the results obtained 

in knockout cells, siRNA-induced depletion of AXL but not of TYRO3 abolished the 

endocytosis of GAS6 (Fig. 4.14A-C). The silencing efficiency of the siRNA used was verified 

by WB (Fig. 4.14D).  

 

Fig. 4.14 Inhibition of GAS6 internalization upon AXL silencing 
A Confocal images showing uptake of GAS6-AXL complexes after silencing of AXL 
(siAXL#1 and siAXL#2) or TYRO3 (siTYRO3#1 and siTYRO3#2) in LN229 cells. Cells 
transfected with non-targeting siRNA (siCTR#1) were used as control. Seventy two h after 
transfection serum-starved LN229 cells were stimulated with GAS6 for 10 min, fixed and 
stained with anti-Myc (red) to visualize GAS6, anti-AXL (green) and anti-EEA1 (blue) 
antibodies. Insets show magnified views of boxed regions in the main images. Scale bars: 20 
μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. B, C Quantification of number 
(B) and integral fluorescence intensity (C) of GAS6- and AXL-positive vesicles in LN229 
cells after silencing of AXL or TYRO3, n=3 (representative confocal images shown in A). 
Each dot represents data from one independent experiment whereas bars represent the means 
± SEM from n experiments. Student’s one sample t-test, **p≤0.01, ***p≤0.001, ns – non-
significant (p>0.05). D Western blot showing the efficiency of AXL or TYRO3 depletion. 
LN229 cells were transfected as described in A, lysed and immunoblotted against AXL and 
TYRO3. UNTR- non-transfected cells. α-tubulin was used as a loading control. 
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 Altogether, the presented data indicate that AXL is a primary receptor for GAS6 since 

depletion of AXL but not TYRO3 (achieved using two independent experimental methods) 

blocked the uptake of GAS6 in LN229 cells. 

4.2.3 The crucial role of AXL tyrosine kinase domain activation in AXL internalization 

 The contribution of the activation of a tyrosine kinase domain of RTKs, such as 

PDGFR or EGFR, to their internalization is still under debate [382-384]. Therefore, the 

involvement of the activation of AXL tyrosine kinase domain in the uptake of GAS6-AXL 

was subsequently determined.  

To this end, LN229 cells were pretreated with AXL inhibitors, R428 or LDC1267, and 

stimulated with GAS6. The obtained results showed that the treatment of cells with inhibitors 

blocked phosphorylation of AXL (Fig. 4.15A), which further resulted in the inhibition of 

GAS6-AXL endocytosis (Fig. 4.15 B-D). Thus, it corroborated that the activation of the 

tyrosine kinase domain of AXL is necessary for its ligand-induced internalization since the 

pharmacological inhibition of AXL phosphorylation blocked the uptake of GAS6-AXL 

complexes. 

 
Fig. 4.15 Essential role of AXL tyrosine kinase domain activation in GAS6-induced AXL 
internalization  
A Western blot showing phosphorylation of AXL after treatment with AXL inhibitors. 
Serum-starved LN229 cells were pretreated with R428 or LDC1267 for 30 min prior to GAS6 
stimulation. α-tubulin was used as a loading control. DMSO- solvent control, NS- non-
stimulated cells, GAS6- GAS6-stimulated cells. B Confocal images showing uptake of GAS6 
and AXL after treatment with AXL inhibitors, R428 or LDC1267. Serum-starved LN229 
were pretreated with inhibitors, stimulated with GAS6 for 5 min, fixed and stained with anti-
Myc (red) to visualize GAS6, anti-AXL (green) and anti-EEA1 (blue) antibodies. Insets in 
confocal images show magnified views of boxed regions in the main images. Scale bars: 20 
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μm. DMSO- solvent control, NS- non-stimulated cells, GAS6- GAS6-stimulated cells. C, D 
Quantification of number (C) and integral fluorescence intensity (D) of GAS6- and AXL-
positive vesicles in LN229 cells after treatment with R428 and LDC1267 (representative 
confocal images shown in B), n=3. DMSO- solvent control, GAS6- GAS6-stimulated cells. 
Each dot represents data from one independent experiment whereas bars represent the means 
± SEM from n experiments. Student’s one sample t-test, *p≤0,05, **p≤0.01, ***p≤0.001. 

 Cumulatively, the obtained results showed that GAS6 triggers endocytosis of AXL, 

which results in the accumulation of GAS6- and AXL-positive intracellular vesicles. 

Additionally, the presented data revealed that AXL is the primary receptor for GAS6 and the 

activation of its kinase domain is necessary for internalization of GAS6-AXL complexes.  

4.3 Characterization of the kinetics of AXL endocytosis 

4.3.1 The kinetics of GAS6-induced internalization of GAS6-AXL complexes 

To study the kinetics of AXL endocytosis, serum-starved LN229 cells were incubated 

with GAS6 for increasing time periods. As shown in Fig. 4.16A, GAS6 triggered rapid 

accumulation of GAS6 and AXL on endosomal structures, since the number and integral 

intensity of fluorescence of GAS6- and AXL-positive vesicles peaked after 5 min of 

stimulation. At later time points the level of internalized GAS6-AXL complexes declined 

(Fig. 4.16B-C), however, a complete disappearance of GAS6-AXL endosomal accumulation 

was not observed. Additionally, up to 55% of AXL-positive vesicles colocalized with GAS6-

containing endosomes, which suggested that a substantial fraction of AXL traffics inside the 

cell in the ligand-bound state (Fig. 4.16D).  
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Fig. 4.16 Kinetics of AXL endocytosis 
A Confocal images showing GAS6-induced accumulation of GAS6- and AXL- positive 
vesicles. Serum-starved LN229 cells were stimulated with the ligand for increasing time 
periods, fixed and stained with anti-Myc (red) to visualize GAS6, anti-AXL (green) and anti-
EEA1 (blue) antibodies. Insets in confocal images show magnified views of boxed regions in 
the main images. Scale bars: 20 μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. 
B, C, D Quantification of number (B) and integral fluorescence intensity (C) of GAS6- and 
AXL-positive vesicles and the colocalization between GAS6 and AXL (D) in LN229 cells 
after stimulation with GAS6 (representative confocal images shown in A), n=4. GAS6-AXL- 
percentage of GAS6-positive vesicles overlapping with AXL-positive vesicles, AXL-GAS6- 
percentage of AXL-positive vesicles overlapping with GAS6-positive vesicles. Each dot 
represents data from one independent experiment whereas bars represent the means ± SEM 
from n experiments. NS- non-stimulated cells, GAS6- GAS6-stimulated cells, AU- arbitrary 
units. 

4.3.2 The kinetics of AXL internalization in comparison to the uptake of other RTKs 

Since EGFR is a prototypical RTK, well-characterized in terms of endocytosis, and it 

was identified in BioID as one of AXL interactors, the kinetics of internalization of these two 

receptors was compared. To this end, LN229 cells were stimulated with fluorescently-tagged 

EGF, a ligand for EGFR, and the endosomal accumulation of EGF was calculated. The 
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obtained results showed that, in contrast to internalization of GAS6-AXL complexes, which 

peaked after 5 min of ligand stimulation (Fig. 4.16A-C), the maximal endosomal 

accumulation of EGF was observed after 15 min of stimulation, and gradually dropped at later 

time points (Fig. 4.17A-C). Additionally, GAS6 and AXL displayed limited colocalization 

with EGF (<25%), which may have resulted from different endocytic kinetics of AXL and 

EGFR (Fig. 4.17D).  

 
Fig. 4.17 Kinetics of EGF internalization 
A Confocal images showing accumulation EGF- or AXL-positive vesicles. Serum-starved 
LN229 cells were stimulated with fluorescently-labelled EGF (green) and GAS6 for 
increasing time periods, fixed and stained with anti-Myc (red) to visualize GAS6 and anti-
AXL (blue) antibodies. Insets in confocal images show magnified views of boxed regions in 
the main images. Scale bars: 20 μm. NS- non-stimulated cells, GAS6, EGF- GAS6 and EGF-
stimulated cells. B, C, D Quantification of number (B) and integral fluorescence intensity (C) 
of EGF-positive vesicles in LN229 cells after stimulation with EGF and GAS6, and 
colocalization between AXL, GAS6 and EGF (D) (representative confocal images shown in 
A), n=3. Each dot represents data from one independent experiment whereas bars represent 
the means ± SEM from n experiments. NS- non-stimulated cells, EGF- EGF-stimulated cells, 
GAS6, EGF- GAS6 and EGF-stimulated cells, AU- arbitrary units. 
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Next, the endocytic kinetics of AXL and PDGFRβ was measured in human fibroblasts 

CCD-1070Sk. Cells were stimulated with GAS6 and PDGF-BB to induce the endocytosis of 

AXL and PDGFRβ, respectively. Similarly to the results obtained for AXL and EGF in 

LN229 cells (Fig. 4.16 and 4.17), the maximum of AXL internalization was observed after 

5 min of GAS6 stimulation, whereas uptake of PDGFRβ peaked after 15 min of stimulation 

with PDGF-BB (Fig. 4.18A-C). Of note, these results also showed that AXL endocytosis is a 

fast process both in cancer (LN229) (Fig. 4.16A-C) as well as normal (CCD-1070Sk) human 

cells (Fig. 4.18A-C). 

 
Fig. 4.18 Kinetics of PDGFRβ internalization 
A Confocal images showing accumulation PDGFRβ- or AXL-positive vesicles. Serum-
starved CCD-1070Sk cells were stimulated with PDGF-BB and GAS6 for increasing time 
periods, fixed and stained with anti-AXL (red) and anti- PDGFRβ (green) antibodies, and 
DAPI was used to stain nuclei (blue). Insets in confocal images show magnified views of 
boxed regions in the main images. Scale bars: 20 μm. NS- non-stimulated cells, GAS6- 
GAS6-stimulated cells, PDGF-BB- PDGF-BB-stimulated cells. B, C Quantification of 
number (B) and integral fluorescence intensity (C) of AXL- and PDGFRβ-positive vesicles in 
CCD-1070Sk cells after stimulation with PDGF-BB and GAS6 (representative confocal 
images shown in A), n=2. Bars represent the means ± SEM from n experiments. NS- non-
stimulated cells, GAS6, PDGF-BB- GAS6- and PDGF-BB-stimulated cells, AU- arbitrary 
units. 
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Cumulatively, these data showed that after stimulation AXL is rapidly internalized 

into the cells. This fast internalization is unique in comparison to endocytic rates of other 

RTKs, such as EGFR and PDGFRβ, both in cancer cells (LN229) as well as in normal human 

fibroblasts (CCD-1070Sk). Specifically, the maximum of AXL internalization was observed 

after 5 min of GAS6 stimulation, whereas the highest endosomal accumulation of EGFR or 

PDGFRβ was observed after 15 min of ligand stimulation.  

4.4 Characterization of endocytic routes mediating AXL endocytosis 

 As described in the Introduction, endocytosis can operate via various mechanisms, and 

both clathrin-mediated and -independent pathways were shown to function in the 

internalization of RTKs, such as EGFR or PDGFRβ [384, 385]. Several proteins implicated in 

CME and CIE were identified among AXL interactors, which suggests that AXL may also be 

internalized via multiple endocytic routes (Fig. 4.19, Table 4.1, Table S1 and S2 in 

supplementary materials).  

 

Fig. 4.19 Endocytic pathways potentially contributing to AXL endocytosis  
The scheme presents clathrin-mediated and clathrin-independent endocytic routes along with 
their regulators identified by BioID as AXL proximity interactors.  

4.4.1 Clathrin-mediated endocytosis (CME) in AXL internalization 

 BioID data revealed that AXL possibly interacts with multiple proteins involved in 

CME which implied the contribution of this pathway to AXL endocytosis. To verify this 

hypothesis, the colocalization between AXL and clathrin light chain (CLC) or PICALM was 

investigated. The total internal reflection fluorescence (TIRF) analysis of living LN229 cells 

expressing AXL-EGFP and mRFP-CLC or mCherry-PICALM fusion proteins showed 

colocalization between AXL and CLC or PICALM that was progressively increasing with 
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time of GAS6 stimulation (Fig. 4.20A-B). These data support the hypothesis that CME 

contributes to the internalization of AXL. 

 
Fig. 4.20 Increased colocalization of AXL with CLC and PICALM upon GAS6 
stimulation 
A, B Total internal reflection fluorescence (TIRF) analysis of living LN229 cells which 
express AXL-EGFP (green) and mRFP-CLC (red) (A) or mCherry-PICALM (red) (B). 
Arrowheads indicate structures positive for both AXL and CLC (A) or PICALM (B). Serum-
starved cells were stimulated with GAS6 and imaged every 20 s up to 10 min after ligand 
addition. Pictures show selected frames from recorded movies. Insets in presented images 
show magnified views of boxed regions in the main images. Scale bars: 20 μm. GAS6- 
GAS6-stimulated cells.  
Results obtained by Dr. Daria Zdżalik-Bielecka during her short-term fellowship at the 
Institute for Cancer Research, Oslo University Hospital, Norway.  

Next, since the identified AXL interactome showed that AXL may interact with 

EPS15, EPS15L1 and NUMB (Fig 4.19, Table 4.1, Table S1 and S2 in supplementary 

materials), which serve as alternative clathrin adaptors [386, 387], their involvement in 

GAS6-AXL endocytosis was verified. To test this hypothesis, internalization of GAS6-AXL 

complexes was measured in LN229 cells with CRISPR-Cas9-mediated knockout of EPS15, 

EPS15L1 or NUMB (Fig. 4.21A). As shown in Fig. 4.21B-D, depletion of none of these 

proteins affected the endocytosis of GAS6 and AXL.  
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Fig. 4.21 The lack of effect of CRISPR-Cas9-mediated knockout of EPS15, EPS15L1 or 
NUMB on endocytosis of GAS6-AXL complexes 
A Western blot showing the efficiency of CRISPR-Cas9-mediated KO of EPS15, EPS15L1 or 
NUMB. Two gRNAs targeting EPS15 (gEPS15#1 and gEPS15#2), EPS15L1 (gEPS15L1#1 
and gEPS15L1#2) and NUMB (gNUMB#1 and NUMB#2) were used to generate CRISPR-
Cas9-edited cell lines. Cells were lysed and immunoblotted against the indicated proteins. α-
tubulin was used as a loading control. B Confocal images showing GAS6-induced 
accumulation of GAS6- and AXL- positive vesicles in cells depleted of EPS15, EPS15L1 or 
NUMB. WT and KO LN229 cells were serum-starved and stimulated with GAS6 for 5 min, 
fixed and stained with anti-Myc (red) to visualize GAS6, anti-AXL (green) and anti-EEA1 
(blue) antibodies. Insets in confocal images show magnified views of boxed regions in the 
main images. Scale bars: 20 μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. C, 
D Quantification of number (C) and integral fluorescence intensity (D) of GAS6- and AXL-
positive vesicles in LN229 cells (representative confocal images shown in B), n=4. Each dot 
represents data from one independent experiment whereas bars represent the means ± SEM 
from n experiments. Student’s one sample t-test, ns – non-significant (p>0.05). GAS6- GAS6-
stimulated cells. 

Since downregulation of alternative clathrin adaptors did not affect the endocytosis of 

GAS6 and AXL, the involvement of clathrin, an indispensable regulator of CME, in AXL 

internalization was investigated. Due to the contribution of clathrin to various cellular 
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processes essential for cell survival [388], the inactivation of CLTC, a gene encoding clathrin 

heavy chain (CHC), by the CRISPR-Cas9 method was ineffective. Therefore, to transiently 

deplete clathrin, siRNA-mediated silencing was used. To ensure efficient silencing, LN229 

cells were transfected twice, with 72 h break between transfections (Fig. 4.22A). Confocal 

microscopy imaging revealed that clathrin depletion did not decrease endocytosis of GAS6-

AXL complexes after 5 min (Fig. 4.22B-D) and 10 min (Fig. 4.23A, C and D) of GAS6 

stimulation. In contrast, internalization of transferrin, a well-established cargo internalized 

through CME, was significantly reduced (Fig. 4.23B-D). 

 
Fig. 4.22 The effect of CLTC silencing on GAS6-AXL endocytosis 
A Western blot showing the efficiency of CHC depletion. LN229 cells were transfected twice 
with non-targeting (siCTR#1 and siCTR#2) and CHC-targeting (siCHC#1 and siCHC#2) 
siRNA with 72 h interval between transfections. Next, 72 h after second transfection, cells 
were lysed and immunoblotted against CHC. α-tubulin was used as a loading control. B 
Confocal images showing the internalization of GAS6-AXL complexes after depletion of 
CHC as described in A. Seventy two h after the second transfection serum-starved LN229 
cells were stimulated with GAS6 for 5 min, fixed and stained with anti-Myc (red) to visualize 
GAS6, anti-AXL (green) and anti-EEA1 (blue) antibodies. Insets in confocal images show 
magnified views of boxed regions in the main images. Scale bars: 20 μm. NS- non-stimulated 
cells, GAS6- GAS6-stimulated cells. C, D Quantification of number (C) and integral 
fluorescence intensity (D) of GAS6- and AXL-positive vesicles in LN229 cells 
(representative confocal images shown in A), n=3. Each dot represents data from one 
independent experiment whereas bars represent the means ± SEM from n experiments. 
Student’s one sample t-test, ns - non-significant (p>0.05). GAS6- GAS6-stimulated cells. 
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Fig. 4.23 The effect of CLTC silencing on GAS6-AXL endocytosis in comparison to the 
uptake of transferrin 
A, B Confocal images showing the internalization of GAS6-AXL complexes (A) or 
fluorescently-labelled transferrin (Tf) (B) after depletion of CHC. LN229 cells were 
transfected twice with non-targeting (siCTR#1 and siCTR#2) and CHC-targeting (siCHC#1 
and siCHC#2) siRNA with 72 h interval between transfections. Next, 72 h after the second 
transfection, cells were stimulated with GAS6 (A) or Tf (B) for 10 min, fixed and stained with 
anti-Myc (red) to visualize GAS6, anti-AXL (green) and anti-EEA1 (blue) antibodies for 
GAS6-stimulated cells (A) or anti-EEA1 (red) antibodies for Tf-stimulated (green) cells (B). 
Insets in confocal images show magnified views of boxed regions in the main images. Scale 
bars: 20 μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells, Transferrin/Tf- 
transferrin-stimulated cells. C, D Quantification of number (C) and integral fluorescence 
intensity (D) of GAS6-, AXL- and transferrin (Tf)-positive vesicles in LN229 cells 
(representative confocal images shown in A and B), n=3. Each dot represents data from one 
independent experiment whereas bars represent the means ± SEM from n experiments. 
Student’s one sample t-test, *p≤0.05, **p≤0.01, ***p≤0.001, ns - non-significant (p>0.05). 
GAS6 or Tf- GAS6- or Tf- stimulated cells.  
 

Additionally, other results obtained in our laboratory showed that, similarly do CLTC 

silencing, CRISPR-Cas9 mediated knockout of dynamin 2 (DNM2), another key regulator of 

CME, did not affect endocytosis of GAS6-AXL complexes. As a control, internalization of 

transferrin was significantly decreased under these conditions (manuscript under revision). 

Altogether, despite a substantial representation of CME-related proteins in AXL 

proximity interactome, depletion of CME regulators did not decrease GAS6-AXL 
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endocytosis. However, the increased colocalization of AXL with CLC and PICALM after 

GAS6 stimulation suggests that at least a fraction of AXL can be internalized via CME. This 

may imply that in the absence of CME, AXL internalization may be compensated by the 

involvement of other, clathrin-independent endocytic pathways. 

4.4.2 Clathrin-independent endocytosis (CIE) in the uptake of AXL 

 The identified AXL interactome contained various proteins implicated in CIE (Table 

4.1, Fig. 4.19). Among them were regulators of macropinocytosis, caveolae-, flotillin- or 

ARF6-dependent endocytosis, and the CLIC/GEEC pathway (Fig. 4.19). Thus, their 

participation in AXL internalization was investigated. 

4.4.2.1 The involvement of macropinocytosis in AXL internalization 

 Macropinocytosis is manifested by the formation of big vesicular structures, 

macropinosomes, and their emergence requires actin cytoskeleton rearrangements [122]. 

Since AXL interactome contained proteins implicated both in actin remodeling and 

macropinocytosis, the involvement of this pathway in AXL internalization was investigated. 

Confocal microscopy revealed that GAS6 triggered the formation of such vesicles (Fig. 4.24) 

and both, GAS6 and AXL, were present on the macropinosome membrane stained with EEA1 

(Fig. 4.24A) and Rabankyrin-5 (Fig. 4.24B), markers of early endosomes and 

macropinosomes [389], respectively. Moreover, other results obtained in our group showed 

that AXL colocalized with high molecular mass dextran, a well-established cargo of 

macropinocytosis, which additionally confirmed the contribution of this pathway to AXL 

internalization [89]. 

 
Fig. 4.24 Macropinocytosis in the uptake of GAS6-AXL complexes 
A, B Confocal images showing the accumulation of GAS6 and AXL on macropinosomes. 
LN229 cells were stimulated with GAS6, fixed and stained with anti-Myc (red) to visualize 
GAS6, anti-AXL (green) and anti-EEA1 (A) or Rabankyrin-5 (B) (blue). Insets in confocal 
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images show magnified views of boxed regions in the main images. Scale bars: 20 μm. 
GAS6- GAS6-stimulated cells. 

4.4.2.2 The influence of caveolin 1 or flotillin 1 depletion on AXL endocytosis  

 Among AXL proximity interactors were caveolin 1 (CAV1) and flotillin 1 (FLOT1), 

two proteins regulating caveolae- and flotillin-dependent CIE pathways, respectively [390]. 

Therefore, their involvement in AXL internalization was investigated. To this end, LN229 

cells depleted of CAV1 or FLOT1 (Fig. 4.25A) by the CRISPR-Cas9 approach were 

stimulated with GAS6. As shown in Fig. 4.25, inactivation of neither CAV1 nor FLOT1 

reduced the GAS6-AXL internalization. In turn, knockout of CAV1 slightly increased the 

endocytosis of ligand-receptor complexes (Fig. 4.25B-D). The obtained results indicate that 

CAV1 and FLOT1 are either dispensable for GAS6-AXL endocytosis, or these proteins may 

contribute to AXL uptake, but in their absence ligand-receptor complexes are internalized by 

some compensatory mechanisms. 

 
Fig. 4.25 GAS6-AXL complexes endocytosis upon depletion of CAV1 or FLOT1  
A Western blot showing the efficiency of CRISPR-Cas9-mediated KO of CAV1 or FLOT1. 
One gRNA targeting CAV1 (gCAV1#1) and two gRNAs targeting FLOT1 (gFLOT1#1 and 
gFLOT1#2) were used to generate CRISPR-Cas9-edited cell lines. Cells were lysed and 
immunoblotted against the indicated proteins. α-tubulin was used as a loading control. B 
Confocal images showing GAS6-induced accumulation of GAS6- and AXL- positive 
endosomes in cells depleted of CAV1 or FLOT1. WT and KO LN229 cells were serum-
starved and stimulated with GAS6 for 5 min, fixed and stained with anti-Myc (red) to 
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visualize GAS6, anti-AXL (green) and anti-EEA1 (blue). Insets in confocal images show 
magnified views of boxed regions in the main images. Scale bars: 20 μm. NS- non-stimulated 
cells, GAS6- GAS6-stimulated cells. C, D Quantification of number (C) and integral 
fluorescence intensity (D) of GAS6- and AXL-positive vesicles in LN229 cells depleted of 
CAV1 or FLOT1 (representative confocal images shown in B), n=4. Student’s one sample t-
test, **p≤0.01, ns - non-significant (p>0.05). Each dot represents data from one independent 
experiment whereas bars represent the means ± SEM from n experiments. GAS6- GAS6-
stimulated cells. 

4.4.2.3 The contribution of the CLIC/GEEC pathway to GAS6-AXL endocytic uptake  

 Several proteins found in this thesis work as AXL proximity interactors through BioID 

were previously reported as components of clathrin independent carriers (CLIC). These are: 

β-actin, annexin A2, ITGβ1, moesin, AHNAK, GPR37, RTN4, CD44 or CD98 [179]. 

Importantly, the latter two are considered as typical cargos internalized via the CLIC/GEEC 

pathway [179, 391]. Thus, to verify the involvement of CLIC/GEEC in AXL endocytosis, 

LN229 cells were stimulated with GAS6 and anti-CD44 agonistic antibodies. The obtained 

results showed that AXL displays up to 50% colocalization with CD44 after 5 min of cell 

stimulation (Fig. 4.26A and B).  

 
Fig. 4.26 The colocalization of AXL and CD44  
A Confocal images showing colocalization between AXL and CD44. Serum-starved LN229 
cells were stimulated with GAS6 and anti-CD44 agonistic antibody (CD44-Ab) for increasing 
time periods, fixed and immunostained with anti-AXL (green) antibodies. For visualization of 
CD44 (red) only secondary antibodies were used for staining. Insets in confocal images show 
magnified views of boxed regions in the main images. Scale bars: 20 μm. NS- non-stimulated 
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cells; GAS6 and CD44-Ab- cells stimulated with GAS6 and CD44-Ab. B Quantification of 
colocalization between AXL- and CD44-Ab-positive vesicles (representative confocal images 
shown in A) n=3. AXL-CD44- percentage of AXL-positive vesicles overlapping with CD44-
positive vesicles, CD44-AXL- percentage of CD44-positive vesicles overlapping with AXL-
positive vesicles. Each dot represents data from one independent experiment whereas bars 
represent the means ± SEM from n experiments. GAS6 and CD44-Ab- cells stimulated with 
GAS6 and CD44-Ab.  

 To further investigate the involvement of the CLIC/GEEC pathway in AXL 

endocytosis, genes encoding CDC42 or GRAF1, key regulators of the CLIC/GEEC pathway 

[175-177, 390], were silenced by siRNAs in LN229 cells (Fig. 4.27A and B). As shown in 

Fig. 4.27C-F, depletion of these proteins decreased GAS6-induced endocytosis of GAS6-

AXL complexes. These results suggest that the CLIC/GEEC pathway mediates the 

internalization of GAS6 and AXL. This conclusion is additionally supported by the notion 

that a large fraction of AXL traffics together with internalized CD44. 

 
Fig. 4.27 The CLIC/GEEC pathway-mediated internalization of GAS6-AXL complexes 
A Western blot showing the efficiency of CDC42 depletion. LN229 cells were transfected 
with non-targeting (siCTR#1 and siCTR#2) and CDC42-targeting (siCDC42#1 and 
siCDC42#2) siRNA. Seventy two h after transfection, cells were lysed and immunoblotted 
against CDC42. α-tubulin was used as a loading control. B Graph showing silencing 
efficiency of GRAF1. LN229 cells were depleted of GRAF1 using siRNAs (siGRAF1#1 and 
siGRAF1#2), along with non-targeting (siCTR#2) siRNA and analyzed by real-time 
quantitative PCR (RT-qPCR) after 72 h post transfection. Values are presented as a fold 
change versus non-transfected cells (UNTR), set as 1. C, D Confocal images showing GAS6-
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induced accumulation of GAS6- and AXL-positive endosomes in cells depleted of CDC42 
(C) or GRAF1 (D). Cells were transfected as described in A and B. Seventy two h after 
transfection serum-starved LN229 cells were stimulated with GAS6 for 5 min, fixed and 
stained with anti-Myc (red) to visualize GAS6 and anti-AXL (green) antibodies. Insets in 
confocal images show magnified views of boxed regions in the main images. Scale bars: 20 
μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. E, F Quantification of number 
(E) and integral fluorescence intensity (F) of GAS6- and AXL-positive vesicles in LN229 
cells depleted of CDC42 (n=4) or GRAF1 (n=3), representative confocal images shown in C 
and D. Student’s one sample t-test, *p≤0.05, **p≤0.01, ns - non-significant (p>0.05). Each 
dot represents data from one independent experiment whereas bars represent the means ± 
SEM from n experiments. GAS6- GAS6-stimulated cells. 

4.4.2.4 The impact of downregulation of ARF6 for the uptake of GAS6-AXL complexes  

CD44 has been also described to be internalized via ARF6- dependent endocytosis 

[186, 391]. Therefore, since CD44 and AXL displayed up to 50% of colocalization (Fig. 

4.26B), the involvement of ARF6 in GAS6-induced AXL endocytosis was investigated in 

LN229 cells. To this end, GAS6-AXL internalization was analyzed in cells depleted of ARF6. 

The obtained results showed that inactivation of ARF6 reduced the uptake of GAS6-AXL 

complexes, similarly to depletion of CDC42 and GRAF1. These data indicate that along with 

the CLIC/GEEC pathway, AXL can be internalized in ARF6-dependent manner (Fig. 4.28A-

D). 

 
Fig. 4.28 The influence of siRNA-mediated silencing of ARF6 on GAS6-AXL endocytosis 
A Graph showing silencing efficiency of ARF6. LN229 cells were transfected with non-
targeting (siCTR#2) and ARF6-targeting (siARF6#1 and siARF6#2) siRNA and analyzed by 
RT-qPCR 72 h after transfection. Values are presented as a fold change versus non-
transfected cells (UNTR), set as 1. B Confocal images showing GAS6-induced accumulation 
of GAS6- and AXL- positive endosomes in cells depleted of ARF6. Cells were transfected 
with non-targeting siRNA (siCTR#2) and siRNA targeting ARF6 (siARF6#1 and siARF6#2). 
Seventy two h after transfection serum-starved LN229 cells were stimulated with GAS6 for 5 
min, fixed and stained with anti-Myc (red) to visualize GAS6 and anti-AXL (green) 
antibodies. Insets in confocal images show magnified views of boxed regions in the main 
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images. Scale bars: 20 μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. C, D 
Quantification of number (C) and integral fluorescence intensity (D) of GAS6- and AXL-
positive vesicles in LN229 cells depleted of ARF6 (representative confocal images shown in 
B), n=4. Student’s one sample t-test, *p≤0.05, **p≤0.01, ns - non-significant (p>0.05). Each 
dot represents data from one independent experiment whereas bars represent the means ± 
SEM from n experiments. GAS6- GAS6-stimulated cells. 

Summarizing all results on endocytic pathways mediating uptake of GAS6-induced 

AXL, the data imply that a fraction of AXL can be internalized via CME, however depletion 

of key regulators of this route does not affect GAS6-AXL endocytosis, suggesting that CIE 

pathways compensate for the endocytic uptake of AXL in the absence of functional CME. In 

line with that, the results described in this thesis confirmed the involvement of several CIE 

routes, specifically macropinocytosis, CLIC/GEEC and ARF6-dependent pathways, in GAS6-

AXL internalization. 

4.5 The fate of internalized AXL receptor 

Upon internalization receptors reach early endosomes from which they are targeted for 

degradation, via late endosomes and lysosomes, or are recycled back to the plasma membrane 

[392]. The most commonly used marker of early endosomes is EEA1, whereas late 

endosomes and lysosomes are typically marked with lysosomal-associated membrane protein 

1 (LAMP1).  

4.5.1 Limited colocalization between AXL and EEA1 

To check whether AXL traffics through EEA1-positive population of early 

endosomes, the colocalization of GAS6 or AXL with EEA1 was calculated. The obtained 

results showed that the maximal colocalization (below 40%) was observed after 5 min of 

stimulation, which implied that the majority of GAS6-AXL complexes did not traffic through 

EEA1-positive vesicles (Fig. 4.16A and 4.29A). In contrast, up to 80% colocalization of 

EGFR with EEA1 was observed after 10 min of stimulation with EGF (Fig. 4.29B and C). 

These results, together with limited colocalization between AXL and EGF shown in Fig. 

4.17D, suggested that AXL and EGFR were predominantly trafficked through different 

populations of endosomes. 
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Fig. 4.29 The comparison of the colocalization between AXL, GAS6 or EGF with EEA1  
A Quantification of the colocalization of GAS6 and AXL with EEA1 in LN229 cells after 
stimulation with GAS6 (representative confocal images shown in Fig. 4.16A), n=4. Each dot 
represents data from one independent experiment whereas bars represent the means ± SEM 
from n experiments. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. B Confocal 
images showing endosomal accumulation of EGF and colocalization of EGF with EEA1 and 
LAMP1. Serum-starved LN229 cells were stimulated with EGF for increasing time periods, 
fixed and stained with anti-EGF (red), anti-EEA1 (blue) and anti-LAMP1 (green) antibodies. 
Insets in confocal images show magnified views of boxed regions in the main images. Scale 
bars: 20 μm. NS- non-stimulated cells, EGF- EGF-stimulated cells. C Quantification of the 
colocalization between EGF and EEA1 in LN229 cells after stimulation with EGF 
(representative confocal images shown in B), n=2. Each dot represents data from one 
independent experiment whereas bars represent the means ± SEM from n experiments. NS- 
non-stimulated cells, EGF- EGF-stimulated cells. 

4.5.2 The colocalization between AXL, GAS6 or EGF with LAMP1 

Colocalization of internalized RTKs with LAMP1 is considered as a hallmark of 

receptor degradation. Thus, to check whether internalized AXL is sorted to the endo-

lysosomal system for degradation, its colocalization with LAMP1 was calculated. As shown 

in Fig. 4.30A and B, GAS6 and AXL were not found in LAMP1-positive endosomes, even at 

late time points of GAS6 stimulation. In contrast, EGFR, which was previously shown to be 

sorted for degradation in lysosomes after stimulation with high concentrations of EGF [393], 
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displayed up to 65% colocalization with LAMP1, as early as after 20 min of EGF stimulation 

(Fig. 4.30B). These results suggested that, unlike EGFR, internalized AXL is not primarily 

targeted for lysosomal degradation. 

 
Fig. 4.30 The comparison of the colocalization between AXL, GAS6 or EGF with 
LAMP1  
A Confocal images showing colocalization of GAS6 and AXL with LAMP1. Serum-starved 
LN229 cells were stimulated with GAS6 for increasing time periods, fixed and stained with 
anti-Myc (red) to visualize GAS6, anti-AXL (green) and anti-LAMP1 (blue). Insets in 
confocal images show magnified views of boxed regions in the main images. Scale bars: 20 
μm. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. B Quantification of the 
colocalization between GAS6, AXL or EGF with LAMP1 in LN229 cells after stimulation 
with GAS6 (representative images shown in A) or EGF (representative confocal images 
shown in Fig. 4.29B), for GAS6 and AXL n=4, for EGF n=2. Each dot represents data from 
one independent experiment whereas bars represent the means ± SEM from n experiments. 
NS- non-stimulated cells, GAS6 or EGF- GAS6- or EGF-stimulated cells.  

4.5.3 The protein level of AXL upon GAS6 stimulation 

To corroborate whether fast decrease in the endosomal accumulation of AXL (Fig. 

4.16A-C) is not a result of its degradation, as implied by the lack of colocalization between 

GAS6 or AXL with LAMP1, the total level of the receptor was analyzed after stimulation 

with GAS6. Cells were incubated with cycloheximide (CHX), to prevent de novo synthesis of 

proteins, and next stimulated with the AXL ligand. WB analysis showed that the level of 

AXL was stable up to 60 min of GAS6 stimulation (Fig. 4.31A and B). These results 
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indicated that, in contrast to EGFR, which was described to be degraded after stimulation with 

high concentrations of EGF [393], endocytosed AXL is not degraded, but probably is 

recycled back to the plasma membrane.  

 
Fig. 4.31 The protein level of AXL upon GAS6 stimulation 
A Western blot showing GAS6-induced phosphorylation of AXL (P-AXL, Y702) and the 
total level of AXL after stimulation with GAS6. Serum-starved LN229 cells were stimulated 
with GAS6 for the indicated time periods, lysed and immunoblotted against P-AXL and AXL. 
α-tubulin was used as a loading control. NS- non-stimulated cells, GAS6- GAS6-stimulated 
cells. B Graph showing the densitometric analysis of AXL levels shown in (A), normalized to 
α-tubulin, n=3. Student’s one sample t-test, ns - non-significant (p>0.05). Each dot represents 
data from one independent experiment whereas bars represent the means ± SEM from n 
experiments. NS- non-stimulated cells, GAS6- GAS6-stimulated cells. 

4.5.4 Prolonged phosphorylation of AKT upon GAS6-mediated activation of AXL 

Degradation or recycling of receptors terminates or sustains the RTK-mediated 

signaling, respectively [392]. Thus, the status of ligand-induced activation of AXL and 

EGFR, as well as phosphorylation of their downstream effectors was investigated. WB 

analysis revealed that GAS6-stimulated activation of AXL was visible up to 8 h after 

stimulation, whereas EGF-induced EGFR phosphorylation was detected only up to 1 h after 

stimulation. As a consequence, activation of AXL, but not EGFR, caused long-lasting 

activation of AKT (P-AKT, S473), which was detected up to 8 h after stimulation (Fig. 4.32A 

and B). This effect was specific for AKT, as no notable changes in ERK1/2 activation were 

observed. 
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Fig. 4.32 The comparison of AKT phosphorylation upon ligand-stimulated activation of 
AXL or EGFR 
A, B Western blot showing phosphorylation of AXL (P-AXL, Y702) (A) and EGFR (P-
EGFR, Y1173) (B) and their downstream effectors, AKT (P-AKT, S473) and ERK1/2 (P-
ERK, T202/T204). Serum-starved LN229 cells were stimulated with GAS6 (A) or EGF (B) 
for increasing time periods, lysed and immunoblotted against the indicated phosphorylated or 
total proteins. α-tubulin was used as a loading control. NS-non stimulated cells. 

Cumulatively, these findings suggest that AXL traffics through different populations 

of endosomes than EGFR. Additionally, in contrast to EGFR, the majority of internalized 

AXL molecules are not degraded but probably recycled back to the plasma membrane, that 

prolongs AXL phosphorylation and activation of its downstream effector AKT. 
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5. Discussion 

 Numerous studies have linked AXL and its signaling with pathogenesis of different 

types of cancers as well as viral infections [24, 112]. However, AXL-driven molecular 

mechanisms regulating these processes at the cellular level have remained largely 

uncharacterized. Therefore, to shed light on the biological roles of AXL, the proximity 

interactome of AXL has been identified in this thesis. The obtained results showed that AXL 

interacts with proteins implicated in various cellular processes including actin remodeling and 

endocytic trafficking, among others. 

Endocytosis is an important regulator of RTK function as it controls the availability 

of these receptors at the cell surface, their fate upon internalization, as well as RTK-mediated 

signaling [124-126]. The abundance of endocytic proteins among the identified AXL 

interactome suggests that endocytosis plays an important role in the regulation of AXL 

biology. Importantly, neither AXL nor other members of TAM receptor subfamily have been 

so far studied with respect to their endocytosis. Given this, a detailed characterization of AXL 

internalization has been described in this thesis. The studies performed here showed that 

GAS6, a ligand for AXL, induces rapid internalization of GAS6-AXL complexes, which 

requires the kinase activity of AXL receptor and operates via both CME and CIE pathways. 

Interestingly, blocking a single endocytic pathway, except for CLIC/GEEC and ARF6-

dependent route, was not sufficient to efficiently reduce endocytosis of GAS6-AXL 

complexes. Additionally, in comparison to other RTKs, such as EGFR or PDGFRβ, 

endocytosis of AXL proceeded faster. Moreover, in contrast to ligated EGFR, the majority of 

internalized AXL was not degraded, but probably sorted for recycling back to the plasma 

membrane. The latter was reflected by the sustained phosphorylation of AXL and its 

downstream effector AKT (Fig. 5.1). Finally, the results presented in this thesis showed that 

depletion of AXL was sufficient to block GAS6 internalization, which supports a notion that 

AXL is a primary receptor for GAS6, in agreement with previous reports from our laboratory 

[89, 394]. 
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Fig. 5.1 A model showing GAS6-induced AXL endocytosis and the fate of internalized 
AXL receptor 
GAS6 stimulation triggers internalization of AXL via CME and CIE pathways. AXL 
endocytosis does not promote receptor degradation, but most probably triggers its recycling 
back to the plasma membrane, which altogether results in sustained phosphorylation of AXL 
and its downstream effector AKT. 

5.1 BioID as a tool for characterization of biological processes regulated by AXL 

Since its development in 2012, BioID has been widely used as a tool for identification 

of cellular functions of various proteins, including RTKs [227, 395-398]. This method allows 

identification of potential interacting partners and proteins located in the close proximity of a 

protein of interest (Fig. 4.1). Additionally, in comparison to conventional methods such as co-

immunoprecipitation, BioID allows identification of weak and transient interactions as well as 

mapping constituents of a certain subcellular compartment [227, 395]. For BioID, generation 

of cell lines with stable expression of a protein of interest fused with modified biotin ligase 

BirA* is recommended. In contrast to transient transfections, such conditions ensure similar 

levels of a protein of interest in all cells in the population [227]. 

Therefore, to identify an interactome of AXL, BioID has been performed in two cell 

lines, HEK293 and LN229, both stably expressing AXL-BirA* proteins (Fig. 4.3-4.7). 

HEK293 cells are commonly used for BioID [227-229], but they do not express AXL 

endogenously. Thus, to ensure identification of AXL interactome in a biologically- and 

cancer-relevant model, LN229 cells expressing this receptor were also used. Nevertheless, 

despite using different cell lines, the results obtained by BioID were similar. Firstly, the 

congruency between the two cell lines was observed with respect to the number of identified 

interactors with 116 and 114 proteins identified in samples from non-stimulated HEK293 and 



93 

LN229 cells, respectively, and 151 proteins identified in samples from HEK293 and 147 from 

LN229 cells stimulated with GAS6 (Fig. 4.8). Secondly, the identified proteins were 

implicated in similar cellular functions and pointed to the involvement of AXL in the 

regulation of axonogenesis, cell junction organization, receptor-mediated endocytosis, 

endosomal transport, signaling and actin dynamics, among others (Fig. 4.8-4.10) [89]. Thus, 

even though HEK293 cells do not express AXL endogenously, in contrast to LN229 cells, 

both cell lines turned out to be suitable for the identification of AXL proximity interactome. 

Characterization of AXL interactome in the presence or absence of GAS6 aimed 

to distinguish between AXL functions in GAS6-stimulated vs basal conditions, respectively. 

In both cell lines more interactors were identified in cells after GAS6 stimulation in 

comparison to non-stimulated cells, specifically 151 vs 116 in HEK293 cells and 147 vs 114 

in LN229 cells (Fig. 4.8). This was also reflected in the GO analyses of biological processes, 

which showed that the majority of them require activated receptor (Fig. 4.9). Notably, among 

identified AXL interactors, several typical adaptors and effectors for RTK signaling were 

present [399, 400], such as GAB1, GAB2, p85 subunits of PI3K, NCK2, SHC1, STAT2, 

STAT3, and the majority of them were specifically identified upon GAS6 stimulation (Table 

S1 and S2 in supplementary materials). Thus, despite the fact that AXL signaling occurs 

within several minutes, a relatively long-lasting BioID assay was a very useful tool to 

characterize GAS6-dependent AXL processes. Specifically, in GAS6-stimulated cells the 

ligand was constantly present in the medium for 24 h, which allowed multiple cycles of AXL 

activation and, in turn, accumulation of the biotinylated proximal proteins interacting with the 

activated receptor. Importantly, 95 out of 147 AXL proximity interactors identified in GAS6-

stimulated LN229 cells were also found by Abu-Thuraia et al. in one of the recently published 

AXL phosphoproteomes, identified in Hs578T cells after 5, 10 and 20 min of GAS6 

stimulation [75]. Such significant overlap between the two datasets provides an independent 

validation of the BioID results presented here and justifies the selection of BioID method to 

study GAS6-induced AXL processes. Of note, these datasets, as well as another AXL 

phophoproteomic study by Wu et al. [401], highlighted the involvement of this receptor in the 

regulation of actin dynamics. In line with that, results published by our laboratory confirmed 

the contribution of AXL to the regulation of actin-related processes. Our data showed that 

GAS6-mediated AXL activation promoted actin cytoskeleton rearrangements manifested by 

formation of circular dorsal ruffles (CDRs) and peripheral ruffles (PRs), macropinocytosis 

and focal adhesion (FA) turnover, which altogether contributed to invasion of cancer cells 

[89].  
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BioID allows also obtaining clues about intracellular localization of proteins and the 

GO analysis of cellular components of AXL proximity interactors indicated the potential 

compartments occupied by AXL receptor. For example, some identified AXL interactors are 

known to reside on the plasma membrane, a typical AXL localization site, but also on leading 

edges of cells, lamellipodium, FAs or endosomes (Fig. 4.10B). The more profound analysis of 

AXL interactors revealed a broad representation of proteins implicated in endocytosis and 

suggested involvement of several endocytic pathways in AXL intracellular trafficking, which 

was further validated experimentally in this dissertation (Fig. 4.11-4.32). By comparison, a 

proximity interactome of FGFR4 identified by BioID was previously used for mapping of the 

intracellular trafficking of FGF1-activated FGFR4 [398]. In turn, in case of insulin-like 

growth factor 1 receptor (IGF1R), BioID allowed identification of SNX6 as a new interactor 

of IGF1R and a regulator of its signaling [396]. Given this, based on the data presented here 

and studies by others, BioID can be considered as a useful strategy to study the localization 

and the biology of RTKs both under basal and ligand-stimulated conditions [89, 396-398]. 

5.2 Multitude of routes of GAS6-induced AXL internalization 

Endocytosis is considered as one of major regulators of RTK function, and these 

receptors were shown to be internalized via multiple endocytic pathways, both CME and CIE. 

Existence of such distinct mechanisms of internalization ensures the precise regulation 

of endocytic uptake of receptors, which affects their fate and, in turn, regulates RTK-mediated 

signaling and cellular responses [121, 126]. Furthermore, exploitation of multiple endocytic 

pathways by a given receptor ensures its efficient uptake, even if one of them is perturbed 

[121, 126]. Therefore, since the identified AXL interactome contained multiple proteins 

implicated in endocytosis, the mechanisms of GAS6-induced endocytic uptake of AXL 

receptor have been investigated in this thesis. The obtained results showed that upon GAS6 

stimulation, GAS6-AXL complexes are rapidly internalized into the cells (Fig. 4.12 and 4.16) 

via both CME and CIE pathways (Fig. 4.19-4.28).  

The results presented here showed that AXL colocalizes with CME regulators, such as 

CLC and PICALM, which points towards the involvement of CME in AXL endocytosis (Fig. 

4.20). However, inactivation of key regulators of CME, including efficient depletion of CHC, 

did not reduce AXL internalization (Fig. 4.21-4.23). In the literature, impairment of CME was 

shown to affect endocytosis and signaling outputs of other RTKs, such as EGFR or PDGFRβ 

[124, 181, 209]. Specifically, siRNA-mediated depletion of CHC or AP2μ2 significantly 

decreased internalization of EGFR or PDGFRβ [181, 209, 402]. Additionally, uptake of these 

receptors was also reduced upon depletion of DNM2 [181, 403]. In contrast, as shown by 

Kamila Kozik, a master student in our laboratory, AXL endocytosis was not perturbed even 
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upon efficient knockout of DNM2, despite involvement of this protein in both CME as well 

as some CIE pathways (manuscript under revision). These results may indicate that, as 

opposed to EGFR or PDGFRβ [181, 402], the internalization pathways of AXL are largely 

interchangeable, and in the absence of functional CME other, clathrin-independent, pathways 

mediate compensatory uptake of AXL receptor.  

Differences in AXL internalization in comparison to the endocytic uptake of other 

RTKs were also manifested by the kinetics of these processes. The results presented here 

showed that GAS6-induced internalization of AXL occurs faster than the uptake of ligated 

EGFR or PDGFRβ, in cancer cells or in normal human fibroblasts, respectively (Fig. 4.16-

4.18). Such dissimilarities may suggest that AXL endocytosis is predominantly mediated via 

fast CIE pathways, and AXL interactome suggested that several CIE routes are implicated in 

AXL endocytosis. The common feature of CIE is their strong dependency on actin 

polymerization [137]. Thus, the involvement of CIE in the uptake of GAS6-AXL complexes 

is consistent with our findings, showing that AXL activation induces remodeling of actin 

cytoskeleton [89]. Specifically, GAS6 triggered intense membrane ruffling manifested by 

appearance of PRs and CDRs, which in turn promoted formation of big endosomal structures, 

macropinosomes, and facilitated uptake of GAS6-AXL complexes via macropinocytosis 

(Fig. 4.24) [89]. Furthermore, the identified AXL interactome contained proteins involved 

also in other CIE pathways, such as caveolae-, flotillin-, ARF6-dependent, CLIC/GEEC 

or FEME routes. Some of these fast endocytic pathways play a critical role in processes that 

require quick redistribution of RTKs from one cellular compartment to another, for example 

during cell spreading, migration and invasion [404, 405]. In line with that, CLIC/GEEC and 

FEME pathways were reported to function at the leading edges of migrating cells [179, 189] 

and, as shown by Zajac et al. and our group, AXL localizes to these structures [89, 406]. 

Thus, fast endocytosis may contribute to the regulation of AXL localization and signaling 

during cancer cell migration and invasion [89]. 

The involvement of CIE routes in AXL internalization has been further elaborated in 

this thesis (Fig. 4.19, 4.25-4.28). The obtained results showed that AXL endocytosis was 

decreased only upon downregulation of CLIC/GEEC or ARF6-dependent pathways (Fig. 

4.27-4.28), suggesting a predominant role of these two endocytic routes in the internalization 

of GAS6-AXL complexes. Interestingly, both CLIC/GEEC and ARF6-dependent pathways 

are known to regulate internalization of CD44 [179, 186], a protein considered as typical 

CLIC/GEEC cargo and one of identified AXL proximity interactors. Thus, colocalization of 

both proteins was analyzed in LN229 cells stimulated with GAS6 and anti-CD44 agonistic 

antibodies, showing up to 50% of colocalization between these two proteins (Fig. 4.26). 
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Interestingly, CD44 was already shown to modulate signaling and function of RTKs such 

as MET, VEGFR, FGFR, EGFR or PDGFR [407], thus, the results obtained here suggest that 

CD44 might act as a co-receptor for AXL participating in its internalization. Nevertheless, 

this hypothesis requires further experimental examination.  

Based on AXL proximity interactome, caveolae-dependent endocytosis was also 

considered to be involved in AXL endocytosis. However, experiments showed that 

downregulation of caveolin 1, a main regulator of the pathway, did not decrease AXL 

endocytosis. In turn, it unexpectedly caused a significant increase in the internalization of 

GAS6-AXL complexes (Fig. 4.25). This upregulation of AXL endocytic uptake may result 

from the fact that caveolin 1 and cavin 1 (another regulator of caveolae-mediated endocytosis) 

were shown to modulate other endocytic pathways, specifically the CLIC/GEEC route [245, 

408]. Increased expression of both proteins reduced CLIC/GEEC endocytosis by affecting 

PM distribution of CDC42, a main Rho GTPase involved in the formation and maturation of 

CLICs [175, 245]. Additionally, caveolin 1 was shown to bind CDC42 in its GDP-bound 

state, thus maintaining it in its inactive form [408]. Therefore, the observed increase in AXL 

endocytosis in the absence of caveolin 1 may result from the CLIC/GEEC pathway operating 

more efficiently.  

Overall, the obtained data showed that AXL endocytosis may be facilitated by both 

CME and CIE pathways, the latter being macropinocytosis, CLIC/GEEC and ARF6-

dependent endocytosis. However, downregulation of a single endocytic route, except for 

CLIC/GEEC and ARF6-dependent endocytosis, did not decrease internalization of GAS6-

AXL complexes. Additionally, experiments regarding the involvement of CME in AXL 

internalization showed that, despite AXL colocalization with CLC and PICALM, 

downregulation of key regulators of CME did not reduce cellular uptake of AXL (Fig. 4.20-

4.23). Therefore, these results argue that the colocalization studies may serve as a better 

approach to investigate the contribution of a particular endocytic pathway to RTK 

endocytosis, than inactivation of specific endocytic regulators. 

5.3 The role of endocytosis in the regulation of the fate of internalized receptors 

 After internalization, RTKs accumulate on early endosomes, from where they are 

either targeted for degradation in lysosomes or recycled back to the plasma membrane [124]. 

Both processes are mediated by different populations of endosomes, thus analysis of the 

colocalization of their markers with a given RTK may give insights into the fate of 

internalized receptor. 

 The results presented in this thesis showed that, in contrast to EGFR, AXL displays 

only limited colocalization with early endosomes marked with EEA1 (Fig. 4.29). Thus, a 
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different population of early endosomes must be predominantly responsible for endocytic 

trafficking and sorting of internalized AXL receptor. APPL1-positive vesicles may represent 

one such population [205]. For example, in cells expressing mutated p53, APPL1 endosomes 

located in the cell periphery were responsible for fast recycling of EGFR and β1 integrins, 

increased turnover of FAs and increased migration and invasion of cancer cells [409]. Since 

AXL triggers an invasive phenotype also through regulation of FA dynamics [75, 89] and 

most probably undergoes fast recycling, it is possible that this receptor traffics through 

APPL1-positive endosomes, however the latter requires further verification. 

 Despite the fact that AXL and EGFR were shown to heterodimerize [38, 410], they 

displayed limited colocalization (Fig. 4.17), which indicates that these receptors traffic mostly 

through different populations of endosomes. Consequently, in contrast to ligated EGFR, 

GAS6-AXL complexes did not colocalize with LAMP1 (Fig. 4.30), a marker of late 

endosomes and lysosomes. Accordingly, GAS6 stimulation did not trigger degradation of 

AXL receptor (Fig. 4.31). Of note, limited colocalization of AXL with EEA1 already 

suggested that the majority of endocytosed AXL is not degraded, since the recent study by 

Kamentseva et al. postulated that EEA1-positive vesicles may serve as pre-existing 

compartments of the degradative pathway [411].  

AXL interactome contained a broad representation of proteins implicated in endocytic 

recycling (Table 1, Table S1 and S2 in supplementary materials), which suggests that 

internalized AXL is most probably recycled back to the plasma membrane. The fast delivery 

of AXL back to the plasma membrane might be responsible for the observed here sustained 

activation of AKT (Fig. 4.32). Consequently, this prolonged AXL-mediated AKT 

phosphorylation might be important for AXL-regulated cancer cell migration and invasion 

[409, 412, 413], especially that the plasma membrane is a major site of activation of this 

downstream effector kinase [414, 415]. In contrast, EGFR-mediated phosphorylation of AKT 

was transient and disappeared after 1 h of ligand stimulation, which most probably resulted 

from termination of EGFR signaling due to degradation of this receptor (Fig. 4.32). Such 

differences between AXL- and EGFR-induced signaling may further affect cellular responses 

triggered by these receptors. For example, a comparison of the phosphoproteomic studies of 

AXL and EGFR has already indicated distinct roles of these receptors in cancer cell migration 

and invasion, suggesting that EGFR modulates adherens junction disassembly, whereas AXL 

is important for FA turnover [75]. 

As shown by Abu-Thuraia et al., AXL not only regulates turnover of FAs but also 

localizes to these structures [75]. Additionally, a recent study by Revach et al. showed that 

AXL localizes also to invadopodia and regulates function of these actin-rich invasive 
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protrusions in melanoma cells [416]. Thus, AXL localization to FAs and invadopodia might 

be crucial for the regulation of dynamics of these structures and, in turn, promote AXL-

mediated migration and invasion of cancer cells. How AXL localizes to these structures 

remains unknown, however it has been shown for adhesion molecules, such as integrins as 

well as RTKs, that recycling can mediate their translocation between distinct plasma 

membrane regions to facilitate migration and invasion of cancer cells [417, 418]. Given this, it 

is possible that rapid uptake of AXL and its subsequent recycling might be required for the 

delivery of this receptor to both FAs and invadopodia, therefore linking AXL intracellular 

trafficking to AXL-dependent invasion. Importantly, a very recent study of Smith et al. 

showed that also signaling from recycling endosomes can affect RTK-mediated cellular 

responses. Specifically, the authors showed that recycling-dependent FGFR signaling 

promoted phosphorylation of EGFR, which in turn altered trafficking of the two receptors and 

stimulated FGFR-induced cell proliferation [419]. Thus, since upon internalization AXL 

undergoes recycling, and its heterodimerization with EGFR has been already shown [38, 410], 

it is plausible that both receptors can mutually affect their signaling and perhaps also their 

intracellular trafficking. 

Based on the results presented here, AXL internalization and subsequent recycling can 

be mediated by several pathways. Nevertheless, finding the link between particular 

mechanisms of AXL internalization and AXL-mediated cellular responses remains difficult. 

With the exception of CLIC/GEEC and ARF6-dependent endocytosis, downregulation of any 

other single endocytic pathway did not decrease AXL internalization (Fig. 4.21-4.28). A 

similar problem may occur with the characterization of AXL recycling routes. The identified 

AXL interactome contained multiple proteins implicated in diverse recycling pathways. For 

example, it included SNX1, SNX2 and SNX6, members of the sorting nexin family involved 

in endosomal cargo sorting [420]; GGA3, which was already shown to regulate signaling 

from activated MET or TrkA receptors through their recycling [285, 286] or RAB11FIPs, 

effector proteins associated with the widely studied recycling route through RAB11 

endosomes [328, 331, 334], among others. Therefore, it is plausible that AXL recycling, 

similarly to its internalization, is mediated by multiple, potentially overlapping mechanisms. 

Additionally, main molecular players regulating endocytic uptake and recycling of AXL may 

have pleiotropic cellular functions, which hampers finding a direct link between endocytic or 

recycling events and a particular cellular response.  
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5.4 The role of GAS6 in the activation of TAM receptors 

Previous studies implied that GAS6 can bind and activate all three TAMs [9, 378-

381]. However, the data recently published by our group questioned the involvement of 

GAS6 in the activation of TYRO3 or MER, since depletion of AXL, but not of TYRO3, 

blocked GAS6-induced processes such as membrane ruffling, macropinocytosis, cell invasion 

and phosphorylation of downstream effectors [89, 394]. This dissertation provides yet another 

piece of evidence supporting the predominant role of GAS6 in the activation of AXL but not 

other TAM receptors. The results presented here showed that GAS6 stimulation specifically 

triggers internalization of AXL, since depletion of AXL but not of TYRO3 (MER, a third 

TAM receptor, is not expressed in LN229 cells used in the study), completely abolished 

intracellular accumulation of the ligand on endosomes (Fig. 4.13 and 4.14). Altogether, this 

thesis and previous studies performed by our group provide evidence that AXL is a primary 

receptor for GAS6 [89, 394]. 

Since GAS6 simulation triggers endocytosis but also phosphorylation of AXL, 

the involvement of AXL tyrosine kinase domain activity in the internalization of GAS6-AXL 

complexes has been investigated. In case of EGFR, multiple studies have shown that the 

induction of its kinase activity is required for the endocytic uptake of EGFR [382, 421-426]. 

However, there are studies that question the link between the activation of EGFR kinase 

domain and receptor internalization [383, 427]. The results obtained in this dissertation 

showed that treatment of cells with AXL kinase inhibitors prevented endocytosis of GAS6-

AXL complexes (Fig. 4.15), providing evidence that activation of AXL kinase domain is 

indispensable for the internalization of this RTK. 

5.5 Consequences of AXL endocytosis – the role in viral entry 

 Since endocytosis serves as a mechanism for viral infection, and AXL was described 

as an entry receptor for several viruses, including Zika virus and SARS-CoV-2 [110, 111, 

428], a detailed characterization of AXL internalization is of particular importance. Studies on 

Ebola virus and Lassa virus showed that AXL specifically increases their cellular entry 

through macropinocytosis [108, 429], and the results obtained within this dissertation, as well 

as in the article recently published by our group [89], revealed that GAS6 triggers AXL-

mediated membrane ruffling and macropinocytosis. On the other hand, AXL-dependent Zika 

virus entry requires clathrin-mediated endocytosis [110, 430], which was also identified here 

as one of internalization pathways mediating uptake of AXL. Additionally, a recent study 

of Wang et al. showed that SARS-CoV-2 colocalized with AXL in H1299 cells within 

intracellular compartments positive for several endocytic markers such as CHC, EEA1 or 

CAV1 [111].  
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The abovementioned reports indicate that AXL-mediated viral entry may be facilitated 

via multiple routes of endocytosis. In line with that, the results obtained in this thesis showed 

that AXL can utilize several endocytic pathways to enter cells, but the downregulation of one 

of them had only moderate effect on AXL internalization. In turn, GAS6-mediated AXL 

endocytosis was completely abolished upon inhibition of its kinase activity (Fig. 4.15). 

Accordingly, AXL-dependent entry of Lassa virus, Ebola virus, Zika virus and SARS-CoV-2 

has been reported to rely on AXL kinase activity [108, 110, 111, 429]. Thus, based on the 

data presented in this study and reports of other researchers, inhibition of AXL kinase domain 

can be considered as a more effective strategy for antiviral therapy in comparison to targeting 

a given endocytic pathway. Importantly, R428 (bemcentinib), one of AXL inhibitors, was 

suggested as a promising drug against COVID-19 and is currently being tested in clinical 

trials [118-120]. Thus, the results presented within this dissertation, as well as the study 

recently published by our group [89], provide a rationale for the use of AXL inhibitors in 

antiviral therapies. Specifically, a previously observed decrease in viral infection upon 

pharmacological inhibition of AXL kinase activity [108, 110, 111, 429] can be 

mechanistically explained by the fact that AXL endocytosis was completely abolished in cells 

treated with AXL inhibitors. 
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6. Conclusions 

The data presented in this dissertation provide new insights into the cellular processes 

regulated by AXL receptor as well as endocytic trafficking of this receptor. Specifically, the 

results argue that: 

1. BioID is a useful tool for the identification of AXL interactome and the 

characterization of AXL-dependent cellular processes.  

2. AXL interacts with proteins implicated in various actin-related processes, 

axonogenesis, cell junction organization, signaling, regulation of GTPase activity, 

cell-substrate adhesion, receptor-mediated endocytosis and endosomal transport, 

among others. Importantly, the presence of several proteins implicated in endocytic 

trafficking among proximity interactors of AXL indicates that endocytosis is an 

important process regulating the function of AXL. 

3. Upon ligand binding, GAS6-AXL complexes are rapidly internalized via clathrin-

mediated endocytosis as well as several clathrin-independent routes, namely: 

macropinocytosis, CLIC/GEEC and ARF6-dependent pathways. 

4. AXL is a primary receptor for GAS6 and the activation of AXL tyrosine kinase 

domain is indispensable for endocytosis of GAS6-AXL complexes. 

5. GAS6-induced AXL endocytosis is a faster process than ligand-stimulated 

internalization of other RTKs, such as EGFR or PDGFRβ. 

6. The majority of GAS6-AXL complexes traffics through different populations of 

endosomes than ligand-bound EGFR. 

7. Internalized AXL is not sorted towards degradation in lysosomes but most probably 

recycled back to the plasma membrane, which correlates with prolonged activation 

of AXL and its downstream effector AKT. 
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7. Future prospects  

The results presented in this dissertation provided the first comprehensive analysis of 

AXL interactome that shed light on the cellular processes regulated by this receptor and 

pointed towards the involvement of AXL in the regulation of actin dynamics. Moreover, the 

numerous representation of endocytic proteins among AXL proximity interactome suggested 

that endocytosis plays an important role in the regulation of AXL function. Thus, since AXL 

endocytosis has not been studied so far, the characterization of this process has been 

performed in this thesis, showing the involvement of several endocytic pathways in AXL 

internalization, and suggesting that the majority of internalized receptor is recycled back to 

the plasma membrane. However, several aspects of AXL biology still remain to be addressed.  

The most obvious question concerns the mechanisms of AXL endocytic recycling. 

Since AXL interactome suggests a potential involvement of several recycling pathways in 

AXL trafficking, it would be important to analyze their contribution. Based on the experience 

from studies on AXL endocytosis, depletion of specific regulators of a particular recycling 

route may not be the best approach, since it may result in compensatory recycling mediated 

by other pathways. Given this, the colocalization experiments may serve as a better 

methodology to characterize this process. For this purpose, immunofluorescence analyses of 

cells stained with anti-AXL antibodies together with antibodies recognizing proteins 

regulating endocytic recycling could be applied. If specific antibodies are not available, an 

alternative approach may include tagging of recycling regulators with fluorescent tags (e.g. 

GFP, mCherry). Ideally, CRISPR-Cas9-mediated knock-in of a given fluorescent tag should 

be introduced to allow labeling of endogenous proteins and avoid overload of cells with a 

tagged protein, which is often a side effect of overexpression. Additionally, fluorescent tag 

labeling would also enable to monitor AXL endocytic trafficking in living cells.  

Another aspect that requires further studies refers to the fate of internalized AXL 

receptor and its dependency on a particular endocytic pathway. The results presented in this 

thesis showed that after internalization the majority of AXL is not degraded but most 

probably recycled back to the plasma membrane (Fig. 4.30 and 4.31). This was further 

correlated with sustained phosphorylation of AXL and its downstream effector AKT (Fig. 

4.32). Thus, it would be interesting to check whether depletion of AXL trafficking regulators 

(both for endocytosis and recycling) would affect the fate of internalized receptor, its half-life, 

duration of its activation and subsequent phosphorylation of its downstream effectors. To 

address this question, western blot analysis of cells depleted of proteins regulating specific 

intracellular trafficking routes should be applied. On the other hand, CD44, a cargo of the 

CLIC/GEEC pathway, that was identified as a potential AXL interacting partner (Table 4.1) 
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and traffics together with AXL (Fig. 4.26), was found to reduce lysosome-mediated EGFR 

degradation resulting in sustained downstream activation of AKT [412]. Thus, the association 

of AXL with CD44 might be also responsible for attenuation of AXL degradation and 

observed prolonged activation of the receptor and AKT (Fig. 4.32). To verify this potential 

relationship, degradation of AXL and the phosphorylation status of AXL and AKT should be 

monitored in cells depleted of CD44.  

Another remarkable area for further studies includes finding the link between 

intracellular trafficking and cellular processes regulated by AXL. Specifically, since 

numerous studies linked AXL signaling with metastasis and tumor progression [13, 24, 52, 

62], it would be interesting to check whether perturbation of AXL trafficking would affect 

AXL-driven cancer cell invasion. Importantly, the results recently published by our group 

showed that GAS6 triggers turnover of FAs as well as cell elongation and spreading, which in 

turn leads to invasion of cancer cells measured by the growth of spheroids in Matrigel [89]. 

Additionally, studies by Revach et al. revealed that AXL localizes to and induces formation 

of invadopodia, invasive protrusions capable of degradation of ECM components [416]. Thus, 

analysis of these processes in cells depleted of various endocytic regulators would help to link 

particular intracellular trafficking routes with AXL-induced invasive phenotype. To start with, 

it would be reasonable to check the contribution of CLIC/GEEC and ARF6-dependent 

pathways to AXL-driven invasion, as their downregulation reduced the level of internalized 

AXL (Fig. 4.27 and 4.28). For this purpose, generation of cell lines bearing CRISPR-Cas9-

mediated KO of genes encoding CDC42, GRAF1 or ARF6, main regulators of these 

pathways, is required, especially for long-lasting spheroid invasion assay. However, it is 

possible that uptake of GAS6-AXL complexes via a particular endocytic pathway, other than 

CLIC/GEEC or ARF6-dependent, is crucial for triggering specific cellular responses, even if 

the total level of internalized AXL receptor was not affected. Given this, testing of the 

implication of other endocytic pathways in the regulation of AXL-induced cellular processes 

should also be included.  

Finally, additional analyses of the identified AXL interactome may indicate further 

scientific directions. It could perhaps help to identify unknown functions of this receptor or 

reveal molecular mechanisms of already known AXL-driven biological processes. One such 

example is macropinocytosis. As already mentioned, the results recently published by our 

group showed that GAS6-AXL signaling triggers macropinocytosis that facilitates the uptake 

of albumin to support cancer cell growth under glutamine deprivation [89]. Interestingly, 

a comparison of the described here proximity interactors of AXL with regulators of RAS-

induced macropinocytosis identified in a genome-wide RNAi screen [431] revealed a partial 
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overlap between the analyzed datasets. This suggests that among AXL interactors are proteins 

that possibly regulate AXL-induced macropinocytosis. Thus, verification of their contribution 

to these processes would help to reveal the molecular mechanisms underlying AXL-driven 

macropinocytic uptake of nutrients that supports cancer cell growth. In line with that, in a 

recently received grant, Laboratory of Cell Biology at IIMCB will further investigate the role 

of AXL and its proximity interactors in macropinocytic nutrient scavenging and subsequent 

contribution of this process to AXL-driven growth and drug resistance of cancer cells (OPUS 

grant from the National Science Center, DEC-2020/39/B/NZ3/03429).  
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