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AXL kinase as a novel target for cancer therapy
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ABSTRACT
The AXL receptor tyrosine kinase and its major ligand, GAS6 have been 

demonstrated to be overexpressed and activated in many human cancers (such as 
lung, breast, and pancreatic cancer) and have been correlated with poor prognosis, 
promotion of increased invasiveness/metastasis, the EMT phenotype and drug 
resistance. Targeting AXL in different model systems with specific small molecule 
kinase inhibitors or antibodies alone or in combination with other drugs can lead 
to inactivation of AXL-mediated signaling pathways and can lead to regained drug 
sensitivity and improved therapeutic efficacy, defining AXL as a promising novel target 
for cancer therapeutics. This review highlights the data supporting AXL as a novel 
treatment candidate in a variety of cancers as well as the current status of drug 
development targeting the AXL/GAS6 axis and future perspectives in this emerging 
field.

Introduction to the TAM tyrosine kinase 
receptor family

The tyrosine kinase family of proteins is composed 
of two major groups, receptor tyrosine kinases (RTKs) 
and non-receptor tyrosine kinases (NRTKs). RTKs are 
well known to be involved in tumorigenesis and many 
of these serve as actionable targets for cancer therapy. 
The TAM group of RTKs is a recently identified class of 
the RTK subfamily that transduces crucial extracellular 
signals to the inside of the cell [1]. The small family of 
TAM receptor kinases include TYRO-3 (also known 
as Brt, Dtk, Rse, Sky and Tif), AXL (also known as 
Ark, Tyro7 and Ufo), and MER (also known as Eyk, 
Nym and Tyro12) [2, 3]. The transforming gene, AXL 
(derived from the Greek word “anexelekto”, meaning 
uncontrolled) was originally isolated from chronic 
myelogenous leukemia cells [4]. The AXL gene is located 

on chromosome 19q13.2 and encodes 20 exons [5]. The 
MER and TYRO-3 genes are located on chromosome 
2q 14.1 and chromosome 15q15, respectively. The 
TAM family is characterized by a combination of two 
immunoglobulin-like (Ig) domains and dual fibronectin 
type III (FNIII) repeat domains in the extracellular region, 
a transmembrane domain and a cytoplasmic tyrosine 
kinase domain (Figure 1A) [2, 6].

AXL ligands

The TAM family kinases were initially considered 
to be orphan receptors [4, 7] but now it is understood 
that there are diverse ligands for this family of receptors. 
Growth arrest specific gene 6 (Gas6), protein S, Tubby, 
Tubby-like protein 1 (Tulp-1) and Galectin-3 are known 
ligands for TAM family members. Gas6 and protein S 
are members of the vitamin K-dependent protein family  
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[8–10]. Gas6 cDNA shows significant homology to protein 
S [9, 11] and both are secreted proteins and mediate their 
action through binding to and activating AXL, Tyro3 and 
Mer [12]. Gas6 and protein S have different receptor-
binding specificity. Gas6 binds to all three TAM RTKs 
(AXL>TYRO-3>MER), whereas protein S interacts only 
with MER and TYRO-3 but not AXL [13–17]. Gas6 has  
3- to 10-fold higher affinity for AXL than MER. In addition, 
several reports suggest that Tubby, Tulp-1 and Galectin -3  
are also novel ligands for TAM receptors. Similar to Gas6 
and protein S, tubby and tulp-1 have distinct binding 

specificities to TAM RTKs. Tulp-1 bind to all three RTKs, 
whereas Tubby only recognizes MER [18, 19].

AXL signaling: activation and regulation

AXL can be activated through a number of 
different mechanisms: ligand-dependent dimerization 
(principally driven by Gas-6), ligand-independent 
dimerization, interaction between two monomers 
on neighboring cells and heteromeric dimerization 
with a non-TAM receptor (Figure 1B) [3, 12, 13, 20].  

Figure 1: Structure, activation and signaling pathways of AXL. (A) AXL consists of two immunoglobulin-like (Ig) domains 
and dual fibronectin type III (FNIII) repeat domains and a kinase domain. Gas6 contains a γ-carboxyglutamic acid (Gla) domain, a loop 
region, four EGF-like repeats and two C-terminal globular laminin G-like (LG) domains. (B) AXL can be activated by ligand-dependent 
dimerization, ligand-independent dimerization, and interaction between two monomers on neighboring cells and heteromeric dimerization 
with a non-TAM receptor. (C) AXL plays important roles in cell proliferation, survival, migration, and the inflammatory process via 
different signaling pathways.
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Gas6-mediated AXL dimerization is likely to occur in 
two steps, with a high-affinity 1:1 Gas6/AXL complex 
forming first, then lateral diffusion of such complexes 
leading to the formation of a dimeric signaling 
complex [6]. Gas6 binding to the extracellular domain 
of AXL leads to autophosphorylation of tyrosine 
residues on the intracellular tyrosine kinase domain of 
AXL, including Y779, Y821, Y866 (Figure 1C) [21]. 
Gas6/AXL signaling plays diverse roles in numerous 
cellular activities [22]. These effects are mainly 
mediated by Gas6/AXL-induced activation of MAPK/
ERK and PI3K/AKT signaling pathways. C1-TEN and  
SOCS-1 have been identified as negative regulators of 
AXL signaling. In particular, C1-TEN can negatively 
regulate AXL-mediated PI3K/AKT signaling and 
thereby reduces cell survival, proliferation, and 
migration of HEK293 cells (Figure 1C) [23, 24]. In 
murine and human plasma, soluble forms of AXL 
(sAXL) are produced by proteolytic cleavage and sAXL 
binds to Gas6 thereby inhibiting cellular activation of 
AXL [25].

Physiological roles of TAM receptors

The TAM family of RTKs regulates an intriguing 
mix of physiological processes, including cell 
proliferation, survival, cell adhesion and migration, blood 
clot stabilization, and regulation of inflammatory cytokine 
release. Although expression of TAM receptor mRNAs is 
observed in embryonic tissues [26–28], single, double, and 
even triple knockouts are viable without any obvious signs 
of developmental defects at birth [29–31], suggesting that 
the TAM RTKs are nonessential for embryogenesis[32]. 
Conversely, adult TAM knockout mice develop diverse 
phenotypes in a wide range of tissues revealing prominent 
cellular functions for TAM receptors. In adult tissues, 
TYRO-3, AXL, and MER exhibit widespread distribution 
with overlapping but unique expression profiles. In adult 
tissues, AXL is expressed ubiquitously[4], with high 
levels found in hippocampus and cerebellum, platelets, 
monocytes/macrophages, endothelial cells, skeletal 
muscle, heart, kidney, testes, liver, as well as in different 
cell lines of mesenchymal, epithelial and hematopoietic 
origin [10, 33–35].

AXL expression in cancer

AXL has been reported to be overexpressed or 
ectopically expressed in a multitude of cancers (Table 1). 
While overexpression in general is defined as expression 
higher than normal tissue counterparts, it needs to be 
highlighted that the listed manuscripts vary greatly in their 
approach as to this definition and there is a need for the 
development of a validated, reliable assay to measure AXL 
expression. AXL gene expression is regulated by Sp1/
Sp3 transcription factors. In addition, methylation of CpG 

sites within specific Sp1 motifs of the promoter can also 
modulate AXL gene expression [36]. Myeloid zinc finger 
1 (MZF1), a SCAN domain family transcription factor, 
can also bind to the AXL promoter and transactivate its 
expression [37]. In addition, specific miRs (microRNAs) 
that target the 3’-UTR of the AXL gene have been identified 
in several cancer cell lines. AXL receptor expression can 
specifically be regulated by miR-34a and miR-199a/b, 
which are suppressed by promoter methylation in a number 
of solid tumors (such as non-small cell lung cancer, breast 
cancer, colorectal cancer) [38].

AXL overexpression in lung cancer

Overexpression of AXL has been observed in 
approximately 60% of NSCLC cell lines, and AXL is 
also highly expressed in a significant fraction of primary 
lung cancers [40, 74]. It has been shown that in the H1299 
lung cancer cell line expressing different mutant forms of 
p53, AXL is upregulated upon p53 loss and at least in part 
gain-of-function activities of mutant p53 were mediated 
through AXL overexpression as knockdown of AXL by 
AXL-specific siRNA reduced cell growth and motility 
[75]. Rac1 has been identified as a downstream effector 
of AXL via the PI3K/AKT pathway promoting reactive 
oxygen species (ROS) production and cell migration. 
Excessive ROS may in turn lead to AXL phosphorylation 
and Akt1 and Rac1 activation may play important 
roles in cell migration under oxidative stress[76]. 
Depletion of Rac1 in NSCLC cells was found to result 
in decreased anticancer drug resistance and inhibited 
rearrangements of the actin cytoskeleton that attenuated 
cell migration [77, 78]. Yes-associated protein 1 (YAP1) 
is a nuclear effector of the Hippo pathway that plays an 
important role in tumorigenesis and progression in lung 
adenocarcinomas. Compared to normal lung tissue, YAP1 
was shown overexpressed in lung adenocarcinomas, 
and knockdown of YAP1 markedly downregulated the 
expression of AXL and inhibited the proliferation and 
invasion of lung adenocarcinomas suggesting that AXL is 
a mediator of the oncogenic function of YAP1 [79].

AXL in breast cancer

AXL is overexpressed in highly invasive 
breast cancer cell lines (such as Hs578T, BT549,  
MDA-MB-435s, MDA-MB-157, MDA-MB-436, and 
MDA-MB-231); in contrast, weakly invasive breast cancer 
cell lines do not or only weakly express AXL. It has also 
been demonstrated that AXL expression correlates with 
motility and invasiveness in breast cancer cells [42]. The 
miR-34a/AXL interaction was functionally characterized 
through ectopic overexpression experiments with a  
miR-34a mimic in two independent triple-negative 
breast cancer cell lines. MiR-34a was found to bind to 
its putative target site within the AXL 3′-UTR to regulate 
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AXL expression and impair its functions [38, 80]. Studies 
suggest that the estrogen receptor can induce AXL 
expression and this interaction could play an important 
role in the proliferation, differentiation and apoptotic 
cell death in human breast epithelium [81]. Gas6 has 
been demonstrated to be upregulated more than 20-fold 
through the progesterone receptor B (PRB) [82], and  
Her-2 is also reported to trigger AXL activation, suggesting 
crosstalk with this clinically important pathway [83]. 
Tazarotene-induced gene 1 (TIG1) is highly expressed 
in inflammatory breast cancer, promoting tumor growth 
and invasion. It appears that TIG1 physically associates 
with and stabilizes AXL protein in vivo by inhibiting its 
proteasomal degradation. These data also strongly suggest 
that AXL might be an important therapeutic target in 
inflammatory breast cancer [43].

AXL in AML

AXL was found to be an independent prognostic 
marker and therapeutic target in acute myeloid leukemia 
(AML). It appears that AML cells can induce expression 
and secretion of Gas6 from bone marrow derived stromal 
cells and Gas6 in turn mediates proliferation, survival 
and chemoresistance of AXL expressing AML cells. This 
paracrine axis creates a chemoprotective tumor cell niche. 

AXL inhibition with the small molecule inhibitor, BGB324 
is able to overcome this mechanism and can synergize with 
chemotherapy. In this study, 57% of AML patient samples 
showed AXL expression and overall outcome in this subset 
was worse. 90% of samples showed Gas6 expression, 
however further analysis showed that this expression was 
predominantly related to stromal expression [44].

AXL in prostate and pancreatic cancer

Increased AXL expression was demonstrated 
to promote migration and invasion of prostate cancer 
cells in vitro [56, 57, 84], and is also associated 
with a higher frequency of distant metastasis after 
pancreaticoduodenectomy in patients with pancreatic 
adenocarcinoma [59, 60, 85].

AXL as a potential oncogenic gene involved 
in EMT and metastasis/invasion

The epithelial–mesenchymal transition (EMT) 
describes a reversible switch from an epithelial-like to a 
mesenchymal-like phenotype and it is a global program 
that endows epithelial cells with the ability to migrate 
and invade surrounding tissue. It is essential for the 
development of normal epithelium, and also contributes 

Table 1: AXL Overexpression or ectopic expression in a multitude of cancers.
Tumors Cell lines/Tissue References

Lung cancer cell lines and tissue [39–41]

Breast cancer cell lines and tissue [42, 43]

Myeloid leukemia cell lines [44–46]

Chronic Lymphocytic Leukemia cell lines [47]

Colon cancer cell lines and tissue [37, 48]

Esophageal adenocarcinoma cell lines and tissue [49, 50]

Gastric cancer cell lines and tissue [51]

Ovarian cancer cell lines and tissue [52, 53]

Hepatocellular carcinoma cell lines and tissue [54, 55]

Prostate cancer cell lines and tissue [56–58]

Pancreatic adenocarcinoma cell lines and tissue [59, 60]

Thyroid cancer cell lines and tissue [61, 62]

Glioma cell lines and tissue [63–65]

Renal cell carcinoma cell lines and tissue [66, 67]

Melanomas cell lines and tissue [68–70]

Malignant pleural mesothelioma tissue [71]

Cutaneous squamous cell carcinoma cell lines and tissue [72]

Endometrial cancers cell lines and tissue [73]
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to the invasive and metastatic properties of carcinomas 
[86, 87]. In a number of cancers, development of acquired 
resistance correlates with EMT traits, such as metastatic 
potential, invasiveness and mesenchymal-like traits. For 
example, our group was the first to demonstrate that 
EGFR TKI-resistant NSCLC cells not only gained AXL 
upregulation, but also demonstrated a concomitant EMT 
phenotype [41]. Other recent studies also showed that 
AXL expression was associated with EMT and therapeutic 
resistance may be associated with histological changes 
[88, 89]. EMT-associated up-regulation of AXL can drive 
autocrine interactions with Gas6 produced by endothelial 
cells, suggesting that autocrine AXL signaling might be 
a frequent consequence of EMT in many tumor types 
[90, 91]. Further cell line models have demonstrated that 
AXL mRNA is induced in HCC4006, HCC2279, H1650, 
and H1975 cells following the development of acquired 
resistance to EGFR-specific TKIs and this was again noted 
to be associated with an EMT program switch [92, 93]. 
Furthermore, two studies show that AXL is activated in 
breast cancer stem cells (BCSC) and AXL expression 
induces EMT through direct regulation of the expression 
of E- cadherin, N-cadherin, Slug and Snail. AXL-driven 
EMT induction regulates BCSC invasion, migration 
and chemoresistance. Treatment with the AXL inhibitor 
MP470 (Amuvatinib) reversed EMT and thereby reduced 
tumor growth, downregulated NF-kB pathway activity and 
led to restoration of chemosensitivity in murine BCSCs 
and mesenchymal normal human mammary epithelial 
cells [94, 95].

In order to reveal the actual mechanisms underlying 
the association of AXL and EMT, many factors related 
to EMT have been explored. For example, vimentin 
expression was shown to be required for the induction 
of AXL expression and such regulation functionally 
contributed to the EMT phenotype in breast cancer cells 
and accordingly silencing of vimentin decreased AXL 
levels significantly [89]. MZF1 was demonstrated to bind 
to the AXL promoter and induced invasion and metastasis 
in colorectal and cervical cancer cells, at least in part by 
regulating AXL gene expression [37]. TAZWW domain 
containing transcription regulator 1(TAZ) promotes EMT-
mediated cancer progression [96–98] and TAZ-AXL-
CTGF overexpression was associated with increased 
expression of genes that were associated with colon cancer 
progression, potentially serving as a novel prognostic 
indicator for colon cancer progression [99]. Recently, AXL 
has been demonstrated as a key regulator of inherent and 
chemotherapy-induced invasion in invasive or migratory 
CRC cell subpopulations with an EMT-like phenotype and 
increased AXL levels predict a poor clinical outcome in 
early stage colon cancer[100]. The important role of AXL 
in EMT might seem contradictory in face of the lack of an 
embryonic phenotype and this might possibly be explained 
by compensatory mechanisms that might specifically exist 
in embryonic tissues.

AXL and drug resistance

Several studies suggest that overexpression of 
AXL may result in resistance to both targeted therapies 
and conventional chemotherapy in different models, 
such as lung cancer [41], breast cancer [101], esophageal 
carcinoma [49], gastrointestinal stromal tumors [102], 
and AML [103]. In our recent study, we independently 
established new cellular models of acquired resistance 
to the EGFR TKI erlotinib in EGFR-mutated lung 
adenocarcinoma by using the erlotinib-sensitive, EGFR-
mutated NSCLC cell line HCC827, and revealed that 
increased activation of AXL and induction of an EMT-like 
state was associated with acquired resistance to erlotinib 
in vitro and in vivo, identifying AXL as a promising 
therapeutic target to prevent or overcome resistance. AXL 
inhibition via AXL knockdown studies or through the 
use of AXL tyrosine kinase inhibitors was able to reverse 
acquired resistance and 20% of primary tumor samples 
demonstrated significant upregulation of AXL upon the 
development of in vivo resistance as compared to pre-
treatment samples [41, 104]. Another study looked at 
a uniform group of 26 patients from one referral center 
in Korea for mechanisms of acquired resistance and 
similarly found a 19% frequency of AXL overexpression 
upon acquired resistance to gefitinib (5/26). In one of 
these patients the tumor also harbored an EGFR-T790M 
resistance mutation [105]. More recently, a novel MET and 
AXL inhibitor NPS-1034 was reported to exert efficacy 
against NSCLC cells resistant to EGFR-TKIs due to MET 
or AXL activation [106]. While the mechanism of AXL 
overexpression upon acquired resistance remains unclear 
in vivo, one study suggests that hypomethylation of the 
AXL promoter may play a role in AXL overexpression 
in ErbB2-positive breast cancer cells upon acquisition of 
resistance to the ErbB2 inhibitor, lapatinib. In addition, the 
multikinase inhibitor GSK1363089 that also targets AXL 
can restore lapatinib sensitivity in HER2-positive breast 
cancer cells that overexpress AXL [101]. Analogous to our 
findings with erlotinib resistance, at least in vitro crizotinib 
resistance in ALK-translocation positive lung cancer 
models also appears to be mediated by an EMT transition 
accompanied by AXL overexpression. However, in this 
model AXL inhibition could not overcome resistance to 
crizotinib but cellular migration and invasion were both 
reduced [107]. Furthermore, AXL and its ligand Gas6 
were similarly observed to be upregulated along with 
vimentin upregulation and E-cadherin loss in the COR 
cell clones resistant to the EGFR T790M-targeting drug, 
CO-1686 in EGFR-mutated lung adenocarcinoma [108]. 
Further corroborating data suggesting the importance of 
AXL as a resistance marker came from a recent study 
[93] that identified a 76 gene expression signature of 
EMT that can classify NSCLCs either as epithelial or 
mesenchymal. This signature with AXL expression as its 
prime marker was found to be a biomarker of response 
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to targeted therapies, such as erlotinib or PI3kinase 
inhibitor therapy. Pharmacological inhibition of AXL 
in some of the models demonstrated synergistic effects 
with erlotinib. This was then clinically validated by using 
samples from the so-called BATTLE study. These data 
suggest that AXL inhibition might enhance responses to 
erlotinib in some NSCLC patients with wild-type EGFR 
as well. Prospective clinical studies incorporating AXL 
expression as a predictive biomarker of drug response and 
a novel therapeutic target are warranted. These data also 
suggest that inhibiting AXL signaling in NSCLC with a 
mesenchymal phenotype might have therapeutic value.

Recently, expression of AXL has been identified as a 
predictor for lack of response to EGFR–targeted inhibitors 
in triple-negative breast cancer cells[109]. In this very 
interesting study a unique machine learning analysis of 
the CCLE database was performed and elevated AXL 
gene expression was found to be exceptionally predictive 
of lack of response to ErbB family inhibitors, such as 
lapatinib and erlotinib. It was also found that EGFR 
signaling transactivates AXL and this ligand-independent 
AXL activity could then diversify downstream signaling 
pathways beyond those triggered by EGFR alone.  
Co-IP studies also showed that AXL physically associates 
with EGFR, other ErbB members as well as MET and 
PDGFR. Triple negative breast cancer (TNBC) cell 
lines that overexpress both EGFR and AXL appear to 
be more sensitive to AXL than EGFR inhibition. This 
is particularly relevant as TBNs are known to have high 
expression of EGFR; still EGFR inhibitors have not 
demonstrated sufficient activity by themselves in this 
highly aggressive histotype. Interestingly, combined 
inhibition of EGFR and AXL was subadditive and this 
might be explained by the fact that they utilize shared 
downstream pathway components[95]. Indeed, activation 
of EGFR by EGF stimulation of MDA-MB-231 cells 
led to both MET and AXL phosphorylation but not vice 
versa. EGFR-mediated AXL activation led to widespread 
downstream signaling changes blocked by AXL siRNA, 
while Gas6 stimulation had lesser effects. This pivotal 
study overall suggests that AXL can serve as an amplifier 
of EGFR signaling – at least when it comes to AKT 
activation. In addition, AXL can activate a set of distinct 
signals that are important for cell migration in response to 
stimuli and RTK/AXL co-localization can predict RTK-
mediated AXL transactivation leading to downstream 
pathway output amplification. Based on this and other 
studies it appears that ErbB, MET and AXL receptors 
can co-exist in local clusters on the plasma membrane 
leading to subsequent activation-dependent enhancement 
of interactions after stimulation. It might be anticipated 
that drugs disrupting this complex interaction may be 
efficacious in counteracting such signal diversification.

Overexpression of AXL in esophageal carcinoma 
has been shown to promote cisplatin resistance through 
regulation of c-ABL/p73 signaling [49]. In AML, AXL has 

been shown to be induced by various chemotherapeutic 
drugs [103], suggesting that a combination of AXL 
inhibition with chemotherapy may be a novel therapeutic 
approach in AML [44, 110]. AXL overexpression and/or 
activation have also been linked to Nilotinib resistance 
in chronic myeloid leukemia (CML) cells, and AXL 
expression could be a clinically relevant prognostic marker 
for resistance to TKI therapy in CML cells [45, 46]. AXL 
was also found to be highly expressed in cisplatin-resistant 
ovarian cancer and was identified as an essential factor 
and therapeutic target in metastatic ovarian cancer [53, 
111, 112]. These results suggest that AXL can promote 
resistance not only to tyrosine kinase inhibitors but more 
broadly as well.

Interplay of AXL/MET and HER family 
receptors

In addition to AXL overexpression, MET 
overexpression and the expression of its ligand, 
HGF have both been described as in vitro and in vivo 
mechanisms of resistance to EGFR TKI therapy in 
EGFR-mutated lung cancers[113]. The AXL and MET 
kinases share a number of structural features and 
similarly play important roles in cell migration, invasion 
and metastasis. Recent elegant studies shed some light 
on the biochemical interplay of these pathways [41, 114, 
115]. In a study set out to define the spectrum and 
mechanism of HGF/MET-mediated resistance, it was 
noted that HGF-induced EGFR TK inhibition is a very 
common mechanism in human cancers and in such cases 
the kinase-inactive EGFR directly interacts with and 
stabilizes several cancer-relevant proteins, including 
AXL, EphA2 and the Cub domain containing protein 
1. Overall, the model shows that HGF/MET activation 
can uncouple the oncogenic activity of EGFR from its 
tyrosine kinase activity, effectively allowing downstream 
signaling activation via aggregation and transmitting 
of EGFR activation to AXL and other receptor 
kinases (Figure 2). In fact, HGF activity could block 
phosphorylation of EGFR by ligand stimulation mediated 
via HGF/MET activation of MEK: furthermore MEK 
inhibitors can reverse this phenomenon. This observation 
of an alternative mode of EGFR action may explain why 
despite the continued inhibition of EGFR TK activity 
by EGFR TKIs, downstream activation of PI3K and 
other pathways can persist in the presence of MET/AXL 
co-expression. The binding capacity of the interacting 
partners, AXL, CDCP1 and EphA2 were unaltered by 
gefitinib treatment but binding was effectively abrogated 
by MET TK inhibition and MET TK therapy led to 
restoration of the anti-proliferative effects of gefitinib. 
It remains to be defined whether AXL overexpression 
alone in the above listed resistant models can “make 
up” to some extent for the lack of HGF/MET activity 
and provide a weaker alternative uncoupling of EGFR 



Oncotarget9552www.impactjournals.com/oncotarget

activity [116]. However, these studies clearly define 
MET and AXL as key targets in EGFR/ErbB2-resistance 
and also highlight the potential for novel therapies 
interfering with the complex interactions at the cell 
membrane interface leading to aggregation of these 
disparate receptors (Figure 2).

AXL/MER as immunosuppressive RTKs: 
a cautionary note for cancer therapy

Deficiencies in TAM signaling have been shown 
to play key roles in sustained immune activation and 

chronic inflammation raising some concerns about the 
use of AXL inhibitors in cancer therapy. For example, in 
many cells, some cytokine receptor signaling systems, 
such as signaling via the type 1 interferon receptor, are 
co-dependent on TAM family receptors [117]. AXL and 
MER have indeed been demonstrated to be expressed 
on multiple immune cells, such as dendritic cells and 
macrophages and have an essential immune-suppressive 
role via the abrogation of Toll-like receptor and cytokine 
receptor signaling. In the inflammation-associated 
colorectal cancer model by azoxymethane and dextran 
sulfate sodium-induced inflammation in mice, lack of AXL 

Figure 2: EGFR and AXL/MET switch plays critical roles in acquired EGFR TKI resistance and correlated epithelial-
mesenchymal transition (EMT). (A) EGFR TKI sensitive cells are EGFR signal dependent in survival and proliferation. (B) EGFR 
and AXL collectively regulate survival and proliferation in acquired EGFR TKI resistant cells. (C) A switch from an EGFR pathway 
dependent signal transduction pattern to an AXL/MET complex dependent pattern plays critical roles in acquired EGFR TKI resistance 
correlated EMT. AXL/MET over-expression, GAS6/HGF up-regulation, MET amplification, and AXL/MET might mediate uncoupling of 
EGFR activity from its kinase function and are reported causes of this switch to EGFR signaling independence.
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and MER led to increased production of inflammatory 
cytokines favoring a tumor-promoting environment 
leading to the enhanced formation of colonic adenomatous 
polyps [118]. Therefore, the potential for adverse 
effects for tumor promotion through the use of systemic 
anticancer therapies targeting AXL might be a concern 
and this highlights the importance of more thorough 
understanding of the tissue and cell-type specific functions 
of AXL. The development of targeting strategies devoid 
of pro-inflammatory adverse effects might be optimal for 
future development. Therefore, treatment strategies that 
spare the RTKs in the macrophage compartment will be 
relevant – e.g. therapeutics targeting the unique interface 
between AXL and EGFR/MET could provide such 
selective advantages.

On the other hand, another recent study suggests a 
reverse role for TAM receptors in the regulation of cancer 
metastases by the modulation of NK cell activity. This 
study found that mice with targeted inactivation of the 
E3 ubiquitin ligase, Cbl-B demonstrate enhanced NK cell 
activity against metastatic tumor models and this unique 
activity was found to be related to the regulation of TAM 
family receptors that were found to be ubiquitylation 
substrates for Cbl-b. Indeed, further studies showed that a 
small molecule TAM kinase inhibitor, LDC1267 confers 
treatment potential through enhancing in vivo NK cell 
activity and very interestingly, this activity is mimicked 
by the anticoagulant warfarin which through its gamma-
carboxylase inhibitor activity leads to the generation 
of deficient Gas6 unable to activate TAM receptors. 
These key observations suggest that inhibition of TAM/
AXL activity could in fact have additional anti-cancer 
activity through NK cell potentiation against metastatic 
disease [119].

Inhibition of AXL as a cancer treatment strategy

As highlighted before, an overexpressed/
overactivated Gas6-AXL axis in a wide variety of 
cancers can contribute to their progression, including 
invasion, metastasis, and resistance both to chemo as 
well as targeted anti-cancer therapies, indicating that 
the Gas6/AXL pathway is a very promising target for 
cancer therapy. Inhibition of this pathway can practically 
be achieved through multiple means e.g. by using AXL 
TKIs, drugs targeting the AXL/MET/EGFR interface, 
and their downstream signaling effectors or by using 
blocking antibodies against Gas6 and AXL. As shown in 
Table 2 multiple drug companies are pursuing the clinical 
development of a variety of inhibitors either specifically 
against AXL or multi-targeted kinase inhibitors with good 
potency against AXL as well.

Many of the ongoing clinical trials of such 
multikinase drugs have been initiated without a current 
focus on AXL as a main target. As early phase studies of 
such compounds are completed and AXL continues to 

emerge as a promising target, studies are starting to emerge 
with a specific focus on AXL. Some more relevant studies 
are listed below. For example, LY2801653 is a type-II ATP 
competitive multi kinase inhibitor of MET and AXL and 
MST1R that has been shown to inhibit cellular functions 
of MET, including cell migration and proliferation 
and anti-tumor activities in multiple mouse xenograft 
models [120] [121]. Phase I studies of LY2801653 are 
being pursued in patients with advanced cancer. MP470 
(Amuvatinib), another multi kinase inhibitor targeting 
AXL is being developed actively and is being studied 
specifically in gastrointestinal stromal tumors and breast 
cancer [102]. Reduction in AXL specific invasiveness in 
Hepatocellular carcinoma cells has been observed with 
another multikinase inhibitor SKI606 (Bosutinib) [122]. 
SKI606 (Bosutinib) is now in Phase 1 and 2 clinical 
trials for patients with advanced solid tumors including 
metastatic breast cancer. Two other exciting compounds 
with excellent potency against AXL, MGCD265 and 
MGCD516 are in the initial phases of clinical development, 
including in Non small cell lung cancer (NSCLC)  
[123–126]. ASP2215, which besides showing excellent 
activity against FLT3, also is potent against AXL is in 
phase 1/2 stages of clinical development in relapsed and 
refractory AML patients[110]. XL184 (Cabozantinib), 
another multi kinase inhibitor including AXL is in 
phase 2 and 3 of clinical trials against many different 
types of cancers, such as medullary thyroid, brain and 
NSCLC cancers [127–130]. BMS-777607, another 
selective small molecule kinase inhibitor against AXL, 
Mer, Tyro3 and Met is in Phase 1 studies in subjects with 
advanced or metastatic solid tumors [131]. GSK1363089, 
also known as XL880 (Foretinib), an oral multi-
kinase inhibitor targeting MET, RON, AXL has been 
shown to restore sensitivity in lapatinib-resistant HER2 
positive breast cancer cells with AXL overexpression 
[101]. XL880 is currently in several clinical studies, 
including a phase II, open label, uncontrolled, parallel, 
multi-cohort, multicenter 2-stage study to assess the 
safety and efficacy in NSCLC patients. Another highly 
specific AXL inhibitor, SGI-7079 has led to decreased 
malignant properties in inflammatory breast cancer in 
preclinical studies. Combining SGI7079 with erlotinib 
reversed the resistance in different model systems, such 
as in mesenchymal cell lines and xenograft models of 
mesenchymal NSCLC [43, 93]. Based on these studies 
SGI7079 is now in phase 2 studies. S49076 is a novel 
ATP-competitive tyrosine kinase inhibitor of MET, AXL/
MER, FGFR1/2/3 that can inhibit autophosphorylation of 
these RTKs and their downstream signaling in vitro/vivo. 
On the basis of preclinical activity in colon carcinoma, a 
phase I trial of S49076 has been initiated in Europe [132]. 
R428 (BGB324) is another novel small-molecule inhibitor 
that can potently block autophosphorylation of AXL on 
the COOH-terminal multiple docking site Tyr821 and 
consequent activation of AKT, SFK phosphorylation with 
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Table 2:  AXL inhibitors under development.

Compound Known 
Targets

Clinical Trials.
gov identifier

Phase of 
Development Sponsor

Functions in a disease 
indication and other 
preclinical research 
details

References

Small Molecule Inhibitors

LY2801653 AXL, MET, 
MST1R NCT01285037 Phase 1 Eli Lilly and Co.

An orally bioavailable 
multi-kinase inhibitor 
against MET, AXL, 
MST1R.

[120, 121]

MP-470 
(Amuvatinib)

AXL, 
c-KIT, 
PDGFR, 
FLT3, RET, 
RAD51

NCT00894894
NCT00881166
NCT01357395

Phase 1
Phase 1
Phase 2

Astex Pharma.

c-Kit/AXL tyrosine 
kinase inhibitor 
investigated in stromal 
tumors and in breast 
cancer.

[102]

SKI-606 
(Bosutinib)

AXL, Src 
Kinase, 
Abl, TGFB, 
BMP

NCT00195260
NCT00319254

Phase 1
Phase 2 Pfizer

Treating HCC cells with 
Bosutinib decreased 
the AXL specific 
invasiveness of HCC cell 
lines.

[122]

MGCD 265 AXL, MET, 
VEGFR

NCT00697632
NCT00975767

Phase 1 and 2
Phase 1 Mirati Inc. Phase 2 NSCLC [123–126]

MGCD516

MET, AXL, 
RET, TRK, 
DDR2, 
KDR, 
PDGFRA, 
or KIT

Preclinical Mirati Inc. Phase 1 planned [139]

ASP2215 AXL, Flt3 NCT02014558 Phase 1 and 2 Astellas Pharma.

A novel FLT3/AXL 
inhibitor: Preclinical 
evaluation in acute 
myeloid leukemia

[110]

XL184 
(Cabozantinib)

AXL, 
c-MET, 
VEGFR-2, 
c-KIT, Flt 
1/3/4, Tie2 
and RET

NCT01639508 Phase 2 and 3 Exelixis

Medullary Thyroid 
cancer, Brain 
cancer, NSCLC 
and randomization 
discontinuation trial in 
various solid tumors

[127–130]

BMS-777607 
(ASLAN 002)

AXL, Mer 
and MET NCT01721148 Phase 1

Aslan Pharma. 
and Inventive 
Health Clinical

Selective small molecule 
kinase inhibitor against 
AXL, Mer, and Met.

[131]

GSK1363089/
XL880 
(Foretinib)

AXL, 
cMET, 
VEGFR2

NCT02034097 Phase 2 GlaxoSmithKline

Restores lapatinib 
sensitivity in lapatinib-
resistant breast cancer 
cells with AXL over 
expression.

[101]

(Continued )
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Compound Known 
Targets

Clinical Trials.
gov identifier

Phase of 
Development Sponsor

Functions in a disease 
indication and other 
preclinical research 
details

References

SGI-7079 AXL NCT00409968 Phase 2 Astex Pharma

Decreased malignant 
properties in 
inflammatory breast 
cancer. Combination 
of SGI-7079 with 
erlotinib reversed 
erlotinib resistance in 
mesenchymal cell lines, 
xenograft model of 
mesenchymal NSCLC 
and patients.

[43, 93]

S49076 AXL, MET, 
EGFR

ISRC
TN00759419 Phase 1 Servier Preclinical activity in 

colon carcinoma. [132]

R428 
(BGB324) AXL European 

Clinical trial Phase Ia BerGen BIO

Resensitized HN5-ER 
cells to erlotinib in head 
and neck cancer, reduced 
migration and invasion 
in melanomas, induced 
CLL B-cell apoptosis, 
reduced invasion and 
migration in EAC cell 
lines, reduced metastatic 
burden and extended 
survival in metastatic 
breast cancer.

[21, 133]

DP3975 AXL Preclinical Deciphera 
Biotech

Inhibited cell migration 
and proliferation in 
mesotheliomas.

[140]

NPS-1034 AXL, MET Preclinical NeoPharma

Newly developed drug 
that targets both MET 
and AXL in NSCLC 
cells with acquired 
resistance to gefitinib or 
erlotinib.

[106]

LDC1267 AXL, Tyro, 
Mer Preclinical

Induces NK cells to kill 
tumor cells in mouse 
metastatic breast cancer 
and melanoma model

[119]

NA80x1 AXL Preclinical

Inhibits AXL 
phosphorylation, cell 
motility, and invasion in 
MDA-MB-435 cells.

[141]

Receptor Monoclonal Antibody

YW327.6S2 AXL Preclinical Anti-AXL monoclonal 
antibody. [134]

Nucleotide Aptamer
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low nanomolar affinity [21]. R428 has entered phase I 
clinical trials in 2013 [133]. In addition to the above 
experimental drugs there are some more mentioned in the 
table which on the basis of lab findings seem to be very 
potent to enter into clinical trials sometime in future.

Other novel methods of inhibiting AXL receptor 
specifically include an anti AXL monoclonal antibody, 
YW327.6S2 which has shown highly specific activity in 
preclinical models[134]. Another quite novel approach 
is the development of the Nucleotide aptamer, GLT21.T 
which binds to the extracellular domain of AXL and inhibits  
its activity in cellular models of lung cancer [135, 136].

Another somewhat different route of targeting AXL 
overexpression/activity might be through the inhibition 
of key proteins involved in the regulation of protein 
trafficking called chaperones, such as heat shock proteins 
(HSP’s) involved in protein processing. Recently AXL 
in fact was shown to be a client protein of the hsp90 
chaperone. In an AXL-dependent thyroid cancer model 
system, treatment with the hsp90 inhibitor, 17-AAG led 
to a substantial reduction in AXL expression accompanied 
by downregulation of AXL activation and downstream 
signaling activity. Elegant studies demonstrated that this 
activity is dependent on modulation of the trafficking of 
the fully glycosylated, mature 140 kDA form of AXL 
and this phenomenon appears independent of AXL 
phosphorylation. Downregulation in the presence of 
hsp90 inhibition is mediated by proteasomal degradation 
as a result of polyubiquitination through binding of the 
hsp70/CHIP E3 ligase. These data strongly suggest that 
AXL overexpression and activity could be successfully 
targeted in AXL-addicted tumors or in AXL-mediated 
drug –resistant cancers via hsp90 inhibition [137].

Biomarker development for AXL-targeting 
agents

One key issue for the development of AXL-
targeted therapies for human use is the selection of 
appropriate biomarkers for patient enrichment. As no 
genetic changes have been reported so far correlating 
with AXL overexpression, IHC appears to be the method 
of choice and has been utilized in a number of in vitro 
and animal studies successfully. Another potentially 

appealing biomarker for clinical studies might be imaging 
AXL expression in vivo using labeled probes. One study 
showed successful labeling with the use of an anti-human 
monoclonal AXL antibody radiolabelled with I125 via 
SPECT/CT imaging in mice xenografted with AXL-high 
and AXL-low pancreatic and prostate cancer cell lines and 
uptake appeared to correlate closely with IHC findings. 
As AXL expression can be variable within tumors and as 
acquired drug resistance studies suggest that it can change 
temporally, a biomarker that can image AXL expression 
spatially as well as over time would be highly desirable 
and with positron-emitting isotopes, such as 89ZR might be 
amenable to immuno-PET imaging which could be readily 
incorporated into AXL-targeting clinical studies [138].

Future perspectives

The last few years have seen tremendous advances 
in our understanding of the wide relevance of AXL 
activation in multiple aspects of oncogenesis, invasion, 
metastasis and drug resistance. The field appears poised 
to take on the next and most important task and define 
the true translational potential of AXL inhibition in the 
clinic. Key issues to address in the coming years include 
the following relevant questions:

1. What is the mechanism of AXL overexpression/
activation in human cancers? Is AXL overexpression 
mediated through genetic, epigenetic or other mechanisms 
in different cancer subsets and could better understanding 
of AXL regulation yield clinically useful biomarkers?

2. What is the correlation between AXL expression 
and the elusive EMT phenomenon? Is AXL a driver or 
an effector of EMT or is it just an epiphenomenon of the 
EMT process?

3. How do the AXL/MET cell surface complexes 
form in drug resistant tumors and could better 
understanding of this key bypass pathway yield novel 
therapeutics to affect drug resistance?

4. How does AXL inhibition impact cancer 
immunity outside of its utility to block tumor metastasis, 
invasion and reverse drug resistance? Can immune 
deficiency be a major roadblock in the development 
of AXL inhibitors or can it be bypassed through some 
means? Alternatively, could inhibitors of the AXL/GAS6 

Compound Known 
Targets

Clinical Trials.
gov identifier

Phase of 
Development Sponsor

Functions in a disease 
indication and other 
preclinical research 
details

References

GL21.T AXL Preclinical

Binds to the extracellular 
domain of AXL to inhibit 
its catalytic activity in 
lung cancer.

[135, 136]
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axis have beneficial anti-cancer effects through NK cell 
activation?

5. Clinical studies of AXL inhibitors will need to 
incorporate multiple potentially relevant biomarkers of 
AXL activity/dependency as well as biomarkers of anti-
tumor immunity to ensure that key signals from ongoing 
studies are not missed in this area which currently lacks 
a validated biomarker for appropriate patient selection. 
In addition, given the very different contextual aspects of 
AXLs role in carcinogenesis, invasion/metastasis/EMT 
and drug resistance, clinical studies will need to assess 
these carefully in each particular scenario.

ABBREVIATIONS

 AML, Acute myeloid leukemia; RTK, Receptor 
tyrosine kinase; TAM, RTK subfamily that includes 
TYRO-3, AXL, MER; EMT, Epithelial–mesenchymal 
transition; Gas 6, Growth arrest specific gene 6; MZF1, 
Myeloid zinc finger 1; NRTK, Non-receptor tyrosine 
kinase; NSCLC, Non-small cell lung cancer; ROS, 
Reactive oxygen species; TKI, Tyrosine kinase inhibitor; 
TNBC, Triple negative breast cancer; Tulp-1, Tubby-like 
protein 1; YAP1, Yes-associated protein 1 

REFERENCES

1. Li Y, Ye X, Tan C, Hongo JA, Zha J, Liu J, Kallop D, 
Ludlam MJ, Pei L. Axl as a potential therapeutic target 
in cancer: role of Axl in tumor growth, metastasis and 
 angiogenesis. Oncogene. 2009; 28:3442–3455.

2. Lemke G, Rothlin CV. Immunobiology of the TAM 
 receptors. Nature reviews Immunology. 2008; 8:327–336.

3. Schmidt T, Ben-Batalla I, Schultze A, Loges S.  
Macrophage-tumor crosstalk: role of TAMR tyrosine kinase 
receptors and of their ligands. Cellular and molecular life 
sciences: CMLS. 2012; 69:1391–1414.

4. O’Bryan JP, Frye RA, Cogswell PC, Neubauer A, Kitch B, 
Prokop C, Espinosa R, 3rd, Le Beau MM, Earp HS, Liu ET. 
axl, a transforming gene isolated from primary human 
myeloid leukemia cells, encodes a novel receptor tyrosine 
kinase. Mol Cell Biol. 1991; 11:5016–5031.

5. Verma A, Warner SL, Vankayalapati H, Bearss DJ, 
Sharma S. Targeting Axl and Mer kinases in cancer. Molec-
ular cancer therapeutics. 2011; 10:1763–1773.

6. Sasaki T, Knyazev PG, Clout NJ, Cheburkin Y, Gohring W, 
Ullrich A, Timpl R, Hohenester E. Structural basis for 
Gas6-Axl signalling. The EMBO journal. 2006; 25:80–87.

7. Lai C, Lemke G. An extended family of protein-tyrosine 
kinase genes differentially expressed in the vertebrate 
 nervous system. Neuron. 1991; 6:691–704.

8. Schneider C, King RM, Philipson L. Genes specifically 
expressed at growth arrest of mammalian cells. Cell. 1988; 
54:787–793.

9. Manfioletti G, Brancolini C, Avanzi G, Schneider C. The 
protein encoded by a growth arrest-specific gene (gas6) is 
a new member of the vitamin K-dependent proteins related 
to protein S, a negative coregulator in the blood coagula-
tion cascade. Molecular and cellular biology. 1993; 13: 
4976–4985.

10. Angelillo-Scherrer A, de Frutos P, Aparicio C, Melis E, 
Savi P, Lupu F, Arnout J, Dewerchin M, Hoylaerts M, 
Herbert J, Collen D, Dahlback B, Carmeliet P. Deficiency 
or inhibition of Gas6 causes platelet dysfunction and 
protects mice against thrombosis. Nature medicine. 2001; 
7:215–221.

11. Dahlback B, Villoutreix BO. Regulation of blood 
coagulation by the protein C anticoagulant pathway: novel 
insights into structure-function relationships and molecular 
recognition. Arteriosclerosis, thrombosis, and vascular 
biology. 2005; 25:1311–1320.

12. Hafizi S, Dahlback B. Gas6 and protein S. Vitamin 
K-dependent ligands for the Axl receptor tyrosine kinase 
subfamily. The FEBS journal. 2006; 273:5231–5244.

13. Hafizi S, Dahlback B. Signalling and functional diversity 
within the Axl subfamily of receptor tyrosine kinases. 
Cytokine & growth factor reviews. 2006; 17:295–304.

14. Godowski PJ, Mark MR, Chen J, Sadick MD, Raab H, 
Hammonds RG. Reevaluation of the roles of protein S and 
Gas6 as ligands for the receptor tyrosine kinase Rse/Tyro 3. 
Cell. 1995; 82:355–358.

15. Mark MR, Chen J, Hammonds RG, Sadick M, Godowsk PJ. 
Characterization of Gas6, a member of the superfamily of 
G domain-containing proteins, as a ligand for Rse and Axl. 
The Journal of biological chemistry. 1996; 271:9785–9789.

16. Nagata K, Ohashi K, Nakano T, Arita H, Zong C, 
Hanafusa H, Mizuno K. Identification of the product of 
growth arrest-specific gene 6 as a common ligand for Axl, 
Sky, and Mer receptor tyrosine kinases. The Journal of 
biological chemistry. 1996; 271:30022–30027.

17. Prasad D, Rothlin CV, Burrola P, Burstyn-Cohen T, Lu Q, 
Garcia de Frutos P, Lemke G. TAM receptor function in 
the retinal pigment epithelium. Molecular and cellular 
neurosciences. 2006; 33:96–108.

18. Caberoy NB, Zhou YX, Li W. Tubby and tubby-like 
protein 1 are new MerTK ligands for phagocytosis. Embo 
Journal. 2010; 29:3898–3910.

19. Caberoy NB, Alvarado G, Bigcas JL, Li W. Galectin-3 is 
a new MerTK-specific eat-me signal. Journal of cellular 
physiology. 2012; 227:401–407.

20. Korshunov VA. Axl-dependent signalling: a clinical update. 
Clinical science. 2012; 122:361–368.

21. Braunger J, Schleithoff L, Schulz AS, Kessler H, 
Lammers R, Ullrich A, Bartram CR, Janssen JW. 
Intracellular signaling of the Ufo/Axl receptor tyrosine 
kinase is mediated mainly by a multi-substrate docking-site. 
Oncogene. 1997; 14:2619–2631.



Oncotarget9558www.impactjournals.com/oncotarget

22. Linger RM, Keating AK, Earp HS, Graham DK. TAM 
receptor tyrosine kinases: biologic functions, signaling, and 
potential therapeutic targeting in human cancer. Advances 
in cancer research. 2008; 100:35–83.

23. Hafizi S, Ibraimi F, Dahlback B. C1-TEN is a negative 
regulator of the Akt/PKB signal transduction pathway and 
inhibits cell survival, proliferation, and migration. Faseb J. 
2005; 19:971–973.

24. Leslie NR, Downes CP. PTEN: The down side of PI 
3-kinase signalling. Cellular signalling. 2002; 14:285–295.

25. Budagian V, Bulanova E, Orinska Z, Duitman E, 
Brandt K, Ludwig A, Hartmann D, Lemke G, Saftig P, 
Bulfone-Paus S. Soluble Axl is generated by ADAM10-
dependent cleavage and associates with Gas6 in mouse 
serum. Molecular and cellular biology. 2005; 25: 
9324–9339.

26. Crosier PS, Freeman SA, Orlic D, Bodine DM, Crosier KE. 
The Dtk receptor tyrosine kinase, which binds protein S, 
is expressed during hematopoiesis. Exp Hematol. 1996; 
24:318–323.

27. Faust M, Ebensperger C, Schulz AS, Schleithoff L, 
Hameister H, Bartram CR, Janssen JW. The murine ufo 
receptor: molecular cloning, chromosomal localization and 
in situ expression analysis. Oncogene. 1992; 7:1287–1293.

28. Korshunov VA, Mohan AM, Georger MA, Berk BC. Axl, 
a receptor tyrosine kinase, mediates flow-induced vascular 
remodeling. Circ Res. 2006; 98:1446–1452.

29. Lemke G, Lu Q. Macrophage regulation by Tyro 3 family 
receptors. Current opinion in immunology. 2003; 15:31–36.

30. Lu Q, Lemke G. Homeostatic regulation of the immune 
system by receptor tyrosine kinases of the Tyro 3 family. 
Science. 2001; 293:306–311.

31. Lu Q, Gore M, Zhang Q, Camenisch T, Boast S, 
Casagranda F, Lai C, Skinner MK, Klein R, Matsushima GK, 
Earp HS, Goff SP, Lemke G. Tyro-3 family receptors are 
essential regulators of mammalian spermatogenesis. Nature. 
1999; 398:723–728.

32. Lemke G. Biology of the TAM Receptors. Cold Spring 
Harbor perspectives in biology. 2013; 5:a009076.

33. Zhang QK, Boast S, de los Santos K, Begemann M, 
Goff SP. Transforming activity of retroviral genomes 
encoding Gag-Axl fusion proteins. Journal of virology. 
1996; 70:8089–8097.

34. Neubauer A, Fiebeler A, Graham DK, O’Bryan JP, 
Schmidt CA, Barckow P, Serke S, Siegert W, 
Snodgrass HR, Huhn D, et al. Expression of axl, a 
transforming receptor tyrosine kinase, in normal, malignant 
hematopoiesis. Blood. 1994; 84:1931–1941.

35. Graham DK, Bowman GW, Dawson TL, Stanford WL, 
Earp HS, Snodgrass HR. Cloning and developmental 
expression analysis of the murine c-mer tyrosine kinase. 
Oncogene. 1995; 10:2349–2359.

36. Mudduluru G, Allgayer H. The human receptor tyrosine 
kinase Axl gene—promoter characterization and regulation 

of constitutive expression by Sp1, Sp3 and CpG methylation. 
Bioscience reports. 2008; 28:161–176.

37. Mudduluru G, Vajkoczy P, Allgayer H. Myeloid zinc 
finger 1 induces migration, invasion, and in vivo metastasis 
through Axl gene expression in solid cancer. Molecular 
cancer research : MCR. 2010; 8:159–169.

38. Mudduluru G, Ceppi P, Kumarswamy R, Scagliotti GV, 
Papotti M, Allgayer H. Regulation of Axl receptor tyrosine 
kinase expression by miR-34a and miR-199a/b in solid 
cancer. Oncogene. 2011; 30:2888–2899.

39. Ishikawa M, Sonobe M, Nakayama E, Kobayashi M, 
Kikuchi R, Kitamura J, Imamura N, Date H. Higher 
expression of receptor tyrosine kinase Axl, and differential 
expression of its ligand, Gas6, predict poor survival in lung 
adenocarcinoma patients. Annals of surgical oncology. 
2013; 20:S467–476.

40. Wimmel A, Glitz D, Kraus A, Roeder J, Schuermann M. 
Axl receptor tyrosine kinase expression in human lung 
cancer cell lines correlates with cellular adhesion. European 
journal of cancer. 2001; 37:2264–2274.

41. Zhang Z, Lee JC, Lin L, Olivas V, Au V, LaFramboise T, 
Abdel-Rahman M, Wang X, Levine AD, Rho JK, Choi YJ, 
Choi CM, Kim SW, Jang SJ, Park YS, Kim WS, et al. 
Activation of the AXL kinase causes resistance to EGFR-
targeted therapy in lung cancer. Nature genetics. 2012; 
44:852–860.

42. Zhang YX, Knyazev PG, Cheburkin YV, Sharma K, 
Knyazev YP, Orfi L, Szabadkai I, Daub H, Keri G, 
Ullrich A. AXL is a potential target for therapeutic 
intervention in breast cancer progression. Cancer research. 
2008; 68:1905–1915.

43. Wang XP, Saso H, Iwamoto T, Xia WY, Gong Y, 
Pusztai L, Woodward WA, Reuben JM, Warner SL, Bearss 
DJ, Hortobagyi GN, Hung MC, Ueno NT. TIG1 Promotes 
the Development and Progression of Inflammatory Breast 
Cancer through Activation of Axl Kinase. Cancer research. 
2013; 73:6516–6525.

44. Ben-Batalla I, Schultze A, Wroblewski M, Erdmann R, 
Heuser M, Waizenegger JS, Riecken K, Binder M, 
Schewe D, Sawall S, Witzke V, Cubas-Cordova M, 
Janning M, Wellbrock J, Fehse B, Hagel C, et al. Axl, a 
prognostic and therapeutic target in acute myeloid leukemia 
mediates paracrine crosstalk of leukemia cells with bone 
marrow stroma. Blood. 2013; 122:2443–2452.

45. Gioia R, Leroy C, Drullion C, Lagarde V, Etienne G, 
Dulucq S, Lippert E, Roche S, Mahon FX, Pasquet JM. 
Quantitative phosphoproteomics revealed interplay between 
Syk and Lyn in the resistance to nilotinib in chronic myeloid 
leukemia cells. Blood. 2011; 118:2211–2221.

46. Dufies M, Jacquel A, Belhacene N, Robert G, Cluzeau T, 
Luciano F, Cassuto JP, Raynaud S, Auberger P. Mechanisms 
of AXL overexpression and function in Imatinib-resistant 
chronic myeloid leukemia cells. Oncotarget. 2011; 2: 
874–885.



Oncotarget9559www.impactjournals.com/oncotarget

47. Ghosh AK, Secreto C, Boysen J, Sassoon T, Shanafelt TD, 
Mukhopadhyay D, Kay NE. The novel receptor tyrosine 
kinase Axl is constitutively active in B-cell chronic 
lymphocytic leukemia and acts as a docking site of 
nonreceptor kinases: implications for therapy. Blood. 2011; 
117:1928–1937.

48. Dunne PD, McArt DG, Blayney JK, Kalimutho M, Greer S, 
Wang T, Srivastava S, Ong CW, Arthur K, Loughrey M, 
Redmond K, Longley DB, Salto-Tellez M, Johnston PG, 
Van Schaeybroeck S. AXL Is a Key Regulator of Inherent 
and Chemotherapy-Induced Invasion and Predicts a Poor 
Clinical Outcome in Early-Stage Colon Cancer. Clinical 
cancer research: an official journal of the American 
Association for Cancer Research. 2014; 20:164–175.

49. Hong J, Peng D, Chen Z, Sehdev V, Belkhiri A. ABL 
regulation by AXL promotes cisplatin resistance in 
esophageal cancer. Cancer research. 2013; 73:331–340.

50. Hector A, Montgomery EA, Karikari C, Canto M, 
Dunbar KB, Wang JS, Feldmann G, Hong SM, Haffner MC, 
Meeker AK, Holland SJ, Yu J, Heckrodt TJ, Zhang J, 
Ding P, Goff D, et al. The Axl receptor tyrosine kinase 
is an adverse prognostic factor and a therapeutic target in 
esophageal adenocarcinoma. Cancer biology & therapy. 
2010; 10:1009–1018.

51. Sawabu T, Seno H, Kawashima T, Fukuda A, Uenoyama Y, 
Kawada M, Kanda N, Sekikawa A, Fukui H, Yanagita M, 
Yoshibayashi H, Satoh S, Sakai Y, Nakano T, Chiba T. 
Growth arrest-specific gene 6 and Axl signaling enhances 
gastric cancer cell survival via Akt pathway. Molecular 
carcinogenesis. 2007; 46:155–164.

52. Sun W, Fujimoto J, Tamaya T. Coexpression of Gas6/Axl 
in human ovarian cancers. Oncology. 2004; 66:450–457.

53. Rankin EB, Fuh KC, Taylor TE, Krieg AJ, Musser M, 
Yuan J, Wei K, Kuo CJ, Longacre TA, Giaccia AJ. AXL 
is an essential factor and therapeutic target for metastatic 
ovarian cancer. Cancer research. 2010; 70:7570–7579.

54. He L, Zhang J, Jiang L, Jin C, Zhao Y, Yang G, Jia L. 
Differential expression of Axl in hepatocellular carcinoma 
and correlation with tumor lymphatic metastasis. Molecular 
carcinogenesis. 2010; 49:882–891.

55. Xu MZ, Chan SW, Liu AM, Wong KF, Fan ST, Chen J, 
Poon RT, Zender L, Lowe SW, Hong W, Luk JM. AXL 
receptor kinase is a mediator of YAP-dependent oncogenic 
functions in hepatocellular carcinoma. Oncogene. 2011; 
30:1229–1240.

56. Paccez JD, Vasques GJ, Correa RG, Vasconcellos JF, 
Duncan K, Gu X, Bhasin M, Libermann TA, Zerbini LF. 
The receptor tyrosine kinase Axl is an essential regulator 
of prostate cancer proliferation and tumor growth and 
represents a new therapeutic target. Oncogene. 2013; 
32:689–698.

57. Shiozawa Y, Pedersen EA, Patel LR, Ziegler AM, 
Havens AM, Jung Y, Wang J, Zalucha S, Loberg RD, 
Pienta KJ, Taichman RS. GAS6/AXL axis regulates 

prostate cancer invasion, proliferation, and survival in the 
bone marrow niche. Neoplasia. 2010; 12:116–127.

58. Mishra A, Wang J, Shiozawa Y, McGee S, Kim J, Jung Y, 
Joseph J, Berry JE, Havens A, Pienta KJ, Taichman RS. 
Hypoxia stabilizes GAS6/Axl signaling in metastatic 
prostate cancer. Molecular cancer research: MCR. 2012; 
10:703–712.

59. Song X, Wang H, Logsdon CD, Rashid A, Fleming JB, 
Abbruzzese JL, Gomez HF, Evans DB, Wang H. 
Overexpression of receptor tyrosine kinase Axl promotes 
tumor cell invasion and survival in pancreatic ductal 
adenocarcinoma. Cancer. 2011; 117:734–743.

60. Koorstra JB, Karikari CA, Feldmann G, Bisht S, Rojas PL, 
Offerhaus GJ, Alvarez H, Maitra A. The Axl receptor 
tyrosine kinase confers an adverse prognostic influence in 
pancreatic cancer and represents a new therapeutic target. 
Cancer biology & therapy. 2009; 8:618–626.

61. Chaker S, Kashat L, Voisin S, Kaur J, Kak I, MacMillan C, 
Ozcelik H, Siu KW, Ralhan R, Walfish PG. Secretome 
proteins as candidate biomarkers for aggressive thyroid 
carcinomas. Proteomics. 2013; 13:771–787.

62. Avilla E, Guarino V, Visciano C, Liotti F, Svelto M, 
Krishnamoorthy G, Franco R, Melillo RM. Activation of 
TYRO3/AXL tyrosine kinase receptors in thyroid cancer. 
Cancer research. 2011; 71:1792–1804.

63. Vajkoczy P, Knyazev P, Kunkel A, Capelle HH, Behrndt S, 
von Tengg-Kobligk H, Kiessling F, Eichelsbacher U, 
Essig M, Read TA, Erber R, Ullrich A. Dominant-negative 
inhibition of the Axl receptor tyrosine kinase suppresses 
brain tumor cell growth and invasion and prolongs survival. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2006; 103:5799–5804.

64. Pierce AM, Keating AK. TAM receptor tyrosine kinases: 
expression, disease and oncogenesis in the central nervous 
system. Brain research. 2014; 1542:206–220.

65. Knubel KH, Pernu BM, Sufit A, Nelson S, Pierce AM, 
Keating AK. MerTK inhibition is a novel therapeutic 
approach for glioblastoma multiforme. Oncotarget. 2014; 
5:1338–1351.

66. Gustafsson A, Martuszewska D, Johansson M, Ekman C, 
Hafizi S, Ljungberg B, Dahlback B. Differential expression 
of Axl and Gas6 in renal cell carcinoma reflecting tumor 
advancement and survival. Clinical cancer research: an 
official journal of the American Association for Cancer 
Research. 2009; 15:4742–4749.

67. Gustafsson A, Bostrom AK, Ljungberg B, Axelson H, 
Dahlback B. Gas6 and the receptor tyrosine kinase Axl in 
clear cell renal cell carcinoma. PloS one. 2009; 4:e7575.

68. van Ginkel PR, Gee RL, Shearer RL, Subramanian L, 
Walker TM, Albert DM, Meisner LF, Varnum BC, 
Polans AS. Expression of the receptor tyrosine kinase Axl 
promotes ocular melanoma cell survival. Cancer research. 
2004; 64:128–134.



Oncotarget9560www.impactjournals.com/oncotarget

69. Sensi M, Catani M, Castellano G, Nicolini G, Alciato F, 
Tragni G, De Santis G, Bersani I, Avanzi G, Tomassetti A, 
Canevari S, Anichini A. Human cutaneous melanomas 
lacking MITF and melanocyte differentiation antigens 
express a functional Axl receptor kinase. The Journal of 
investigative dermatology. 2011; 131:2448–2457.

70. Ohanna M, Cheli Y, Bonet C, Bonazzi VF, Allegra M, 
Giuliano S, Bille K, Bahadoran P, Giacchero D, Lacour JP, 
Boyle GM, Hayward NF, Bertolotto C, Ballotti R. 
Secretome from senescent melanoma engages the STAT3 
pathway to favor reprogramming of naive melanoma 
towards a tumor-initiating cell phenotype. Oncotarget. 
2013; 4:2212–2224.

71. Pinato DJ, Mauri FA, Lloyd T, Vaira V, Casadio C, 
Boldorini RL, Sharma R. The expression of Axl receptor 
tyrosine kinase influences the tumour phenotype and clinical 
outcome of patients with malignant pleural mesothelioma. 
British journal of cancer. 2013; 108:621–628.

72. Papadakis ES, Cichon MA, Vyas JJ, Patel N, Ghali L, 
Cerio R, Storey A, O’Toole EA. Axl promotes cutaneous 
squamous cell carcinoma survival through negative 
regulation of pro-apoptotic Bcl-2 family members. The 
Journal of investigative dermatology. 2011; 131:509–517.

73. Sun WS, Fujimoto J, Tamaya T. Coexpression of growth 
arrest-specific gene 6 and receptor tyrosine kinases Axl 
and Sky in human uterine endometrial cancers. Annals 
of oncology: official journal of the European Society for 
Medical Oncology / ESMO. 2003; 14:898–906.

74. Shieh YS, Lai CY, Kao YR, Shiah SG, Chu YW, Lee HS, 
Wu CW. Expression of axl in lung adenocarcinoma and 
correlation with tumor progression. Neoplasia. 2005; 
7:1058–1064.

75. Vaughan CA, Singh S, Windle B, Yeudall WA, Frum R, 
Grossman SR, Deb SP, Deb S. Gain-of-Function Activity 
of Mutant p53 in Lung Cancer through Up-Regulation of 
Receptor Protein Tyrosine Kinase Axl. Genes & cancer. 
2012; 3:491–502.

76. Huang JS, Cho CY, Hong CC, Yan MD, Hsieh MC, 
Lay JD, Lai GM, Cheng AL, Chuang SE. Oxidative stress 
enhances Axl-mediated cell migration through an Akt1/
Rac1-dependent mechanism. Free Radical Bio Med. 2013; 
65:1246–1256.

77. Chen QY, Xu LQ, Jiao DM, Yao QH, Wang YY, Hu HZ, 
Wu YQ, Song J, Yan J, Wu LJ. Silencing of Rac1 modifies 
lung cancer cell migration, invasion and actin cytoskeleton 
rearrangements and enhances chemosensitivity to antitumor 
drugs. International journal of molecular medicine. 2011; 
28:769–776.

78. Gastonguay A, Berg T, Hauser AD, Schuld N, Lorimer E, 
Williams CL. The role of Rac1 in the regulation of  
NF-kappaB activity, cell proliferation, and cell migration in 
non-small cell lung carcinoma. Cancer biology & therapy. 
2012; 13:647–656.

79. Cui ZL, Han FF, Peng XH, Chen X, Luan CY, Han RC, 
Xu WG, Guo XJ. YES-associated protein 1 promotes 

adenocarcinoma growth and metastasis through activation 
of the receptor tyrosine kinase Axl. International journal of 
immunopathology and pharmacology. 2012; 25:989–1001.

80. Mackiewicz M, Huppi K, Pitt JJ, Dorsey TH, Ambs S, 
Caplen NJ. Identification of the receptor tyrosine kinase 
AXL in breast cancer as a target for the human miR-34a 
microRNA. Breast cancer research and treatment. 2011; 
130:663–679.

81. Berclaz G, Altermatt HJ, Rohrbach V, Kieffer I, Dreher E, 
Andres AC. Estrogen dependent expression of the receptor 
tyrosine kinase axl in normal and malignant human breast. 
Annals of oncology: official journal of the European Society 
for Medical Oncology / ESMO. 2001; 12:819–824.

82. Richer JK, Jacobsen BM, Manning NG, Abel MG, 
Wolf DM, Horwitz KB. Differential gene regulation by 
the two progesterone receptor isoforms in human breast 
cancer cells. The Journal of biological chemistry. 2002; 
277:5209–5218.

83. Bose R, Molina H, Patterson AS, Bitok JK, Periaswamy B, 
Bader JS, Pandey A, Cole PA. Phosphoproteomic analysis 
of Her2/neu signaling and inhibition. Proceedings of the 
National Academy of Sciences of the United States of 
America. 2006; 103:9773–9778.

84. Jansen FH, van Rijswijk A, Teubel W, van Weerden WM, 
Reneman S, van den Bemd GJ, Roobol MJ, Bangma CH, 
Staal FJ, Jenster G. Profiling of antibody production 
against xenograft-released proteins by protein microarrays 
discovers prostate cancer markers. Journal of proteome 
research. 2012; 11:728–735.

85. Linger RM, Cohen RA, Cummings CT, Sather S,  
Migdall-Wilson J, Middleton DH, Lu X, Baron AE, 
Franklin WA, Merrick DT, Jedlicka P, DeRyckere D, 
Heasley LE, Graham DK. Mer or Axl receptor tyrosine 
kinase inhibition promotes apoptosis, blocks growth and 
enhances chemosensitivity of human non-small cell lung 
cancer. Oncogene. 2013; 32:3420–3431.

86. Lim J, Thiery JP. Epithelial-mesenchymal transitions: 
insights from development. Development. 2012; 139: 
3471–3486.

87. Kim JE, Leung E, Baguley BC, Finlay GJ. Heterogeneity of 
expression of epithelial-mesenchymal transition markers in 
melanocytes and melanoma cell lines. Frontiers in genetics. 
2013; 4:97.

88. Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy S, 
Turke AB, Fidias P, Bergethon K, Shaw AT, Gettinger S, 
Cosper AK, Akhavanfard S, Heist RS, Temel J, 
Christensen JG, Wain JC, Lynch TJ, et al. Genotypic and 
histological evolution of lung cancers acquiring resistance 
to EGFR inhibitors. Science translational medicine. 2011; 
3:75ra26.

89. Vuoriluoto K, Haugen H, Kiviluoto S, Mpindi JP, Nevo J, 
Gjerdrum C, Tiron C, Lorens JB, Ivaska J. Vimentin 
regulates EMT induction by Slug and oncogenic H-Ras and 
migration by governing Axl expression in breast cancer. 
Oncogene. 2011; 30:1436–1448.



Oncotarget9561www.impactjournals.com/oncotarget

90. Holland SJ, Powell MJ, Franci C, Chan EW, Friera AM, 
Atchison RE, McLaughlin J, Swift SE, Pali ES, Yam G, 
Wong S, Lasaga J, Shen MR, Yu S, Xu W, Hitoshi Y, et al. 
Multiple roles for the receptor tyrosine kinase axl in tumor 
formation. Cancer research. 2005; 65:9294–9303.

91. Hutterer M, Knyazev P, Abate A, Reschke M, Maier H, 
Stefanova N, Knyazeva T, Barbieri V, Reindl M, 
Muigg A, Kostron H, Stockhammer G, Ullrich A. Axl and 
growth arrest-specific gene 6 are frequently overexpressed 
in human gliomas and predict poor prognosis in patients 
with glioblastoma multiforme. Clinical cancer research: 
an official journal of the American Association for Cancer 
Research. 2008; 14:130–138.

92. Ware KE, Hinz TK, Kleczko E, Singleton KR, Marek 
LA, Helfrich BA, Cummings CT, Graham DK, Astling D,  
Tan AC, Heasley LE. A mechanism of resistance to 
gefitinib mediated by cellular reprogramming and the 
acquisition of an FGF2-FGFR1 autocrine growth loop. 
Oncogenesis. 2013; 2:e39.

93. Byers LA, Diao L, Wang J, Saintigny P, Girard L, 
Peyton M, Shen L, Fan Y, Giri U, Tumula PK, Nilsson MB, 
Gudikote J, Tran H, Cardnell RJ, Bearss DJ, Warner SL, 
et al. An epithelial-mesenchymal transition gene signature 
predicts resistance to EGFR and PI3K inhibitors and 
identifies Axl as a therapeutic target for overcoming EGFR 
inhibitor resistance. Clinical cancer research: an official 
journal of the American Association for Cancer Research. 
2013; 19:279–290.

94. Gjerdrum C, Tiron C, Hoiby T, Stefansson I, Haugen H, 
Sandal T, Collett K, Li S, McCormack E, Gjertsen BT, 
Micklem DR, Akslen LA, Glackin C, Lorens JB. Axl is 
an essential epithelial-to-mesenchymal transition-induced 
regulator of breast cancer metastasis and patient survival. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2010; 107:1124–1129.

95. Asiedu MK, Beauchamp-Perez FD, Ingle JN, Behrens MD, 
Radisky DC, Knutson KL. AXL induces epithelial-to-
mesenchymal transition and regulates the function of breast 
cancer stem cells. Oncogene. 2014; 33:1316–1324.

96. Zhang H, Liu CY, Zha ZY, Zhao B, Yao J, Zhao S, 
Xiong Y, Lei QY, Guan KL. TEAD transcription factors 
mediate the function of TAZ in cell growth and epithelial-
mesenchymal transition. The Journal of biological 
chemistry. 2009; 284:13355–13362.

97. Lei QY, Zhang H, Zhao B, Zha ZY, Bai F, Pei XH, Zhao S, 
Xiong Y, Guan KL. TAZ promotes cell proliferation and 
epithelial-mesenchymal transition and is inhibited by the 
hippo pathway. Molecular and cellular biology. 2008; 
28:2426–2436.

98. Chan SW, Lim CJ, Guo K, Ng CP, Lee I, Hunziker W, 
Zeng Q, Hong W. A role for TAZ in migration, invasion, 
and tumorigenesis of breast cancer cells. Cancer research. 
2008; 68:2592–2598.

99. Yuen HF, McCrudden CM, Huang YH, Tham JM, 
Zhang X, Zeng Q, Zhang SD, Hong W. TAZ expression as

 a prognostic indicator in colorectal cancer. PloS one. 2013; 
8:e54211.

100. Dunne PD, Mcart DG, Blayney JK, Kalimutho M, Greer S, 
Wang TT, Srivastava S, Ong CW, Arthur K, Loughrey M, 
Redmond K, Longley DB, Salto-Tellez M, Johnston PG, 
Van Schaeybroeck S. AXL Is a Key Regulator of Inherent 
and Chemotherapy-Induced Invasion and Predicts a Poor 
Clinical Outcome in Early-Stage Colon Cancer. Clinical 
Cancer Research. 2014; 20:164–175.

101. Liu L, Greger J, Shi H, Liu Y, Greshock J, Annan R, 
Halsey W, Sathe GM, Martin AM, Gilmer TM. Novel 
mechanism of lapatinib resistance in HER2-positive breast 
tumor cells: activation of AXL. Cancer research. 2009; 
69:6871–6878.

102. Mahadevan D, Cooke L, Riley C, Swart R, Simons B, 
Della Croce K, Wisner L, Iorio M, Shakalya K, Garewal H, 
Nagle R, Bearss D. A novel tyrosine kinase switch is a 
mechanism of imatinib resistance in gastrointestinal 
stromal tumors. Oncogene. 2007; 26:3909–3919.

103. Hong CC, Lay JD, Huang JS, Cheng AL, Tang JL, Lin MT, 
Lai GM, Chuang SE. Receptor tyrosine kinase AXL is 
induced by chemotherapy drugs and overexpression of 
AXL confers drug resistance in acute myeloid leukemia. 
Cancer letters. 2008; 268:314–324.

104. Dienstmann R, Martinez P, Felip E. Personalizing therapy 
with targeted agents in non-small cell lung cancer. 
Oncotarget. 2011; 2:165–177.

105. Ji W, Choi CM, Rho JK, Jang SJ, Park YS, Chun SM, 
Kim WS, Lee JS, Kim SW, Lee DH, Lee JC. Mechanisms 
of acquired resistance to EGFR-tyrosine kinase inhibitor 
in Korean patients with lung cancer. BMC cancer. 2013; 
13:606.

106. Rho JK, Choi YJ, Kim SY, Kim TW, Choi EK, Yoon SJ, 
Park BM, Park E, Bae JH, Choi CM, Lee JC. MET and 
AXL Inhibitor NPS-1034 Exerts Efficacy against Lung 
Cancer Cells Resistant to EGFR Kinase Inhibitors Because 
of MET or AXL Activation. Cancer research. 2014; 
74:253–262.

107. Kim HR, Kim WS, Choi YJ, Choi CM, Rho JK, Lee JC. 
Epithelial-mesenchymal transition leads to crizotinib 
resistance in H2228 lung cancer cells with EML4-ALK 
translocation. Molecular oncology. 2013; 7:1093–1102.

108. Walter AO, Sjin RTT, Haringsma HJ, Ohashi K, 
Sun J, Lee K, Dubrovskiy A, Labenski M, Zhu ZD, 
Wang ZG, Sheets M, St Martin T, Karp R, van Kalken D, 
Chaturvedi P, Niu DQ, et al. Discovery of a Mutant-
Selective Covalent Inhibitor of EGFR that Overcomes 
T790M-Mediated Resistance in NSCLC. Cancer Discov. 
2013; 3:1404–1415.

109. Meyer AS, Miller MA, Gertler FB, Lauffenburger DA. 
The receptor AXL diversifies EGFR signaling and limits 
the response to EGFR-targeted inhibitors in triple-negative 
breast cancer cells. Sci Signal. 2013; 6:ra66.



Oncotarget9562www.impactjournals.com/oncotarget

110. Park IK, Mishra A, Chandler J, Whitman SP, Marcucci G, 
Caligiuri MA. Inhibition of the receptor tyrosine 
kinase Axl impedes activation of the FLT3 internal 
tandem duplication in human acute myeloid leukemia: 
implications for Axl as a potential therapeutic target. 
Blood. 2013; 121:2064–2073.

111. Macleod K, Mullen P, Sewell J, Rabiasz G, Lawrie S, 
Miller E, Smyth JF, Langdon SP. Altered ErbB receptor 
signaling and gene expression in cisplatin-resistant ovarian 
cancer. Cancer research. 2005; 65:6789–6800.

112. Jiao Y, Ou W, Meng F, Zhou H, Wang A. Targeting HSP90 
in ovarian cancers with multiple receptor tyrosine kinase 
coactivation. Molecular cancer. 2011; 10:125.

113. Turke AB, Zejnullahu K, Wu YL, Song Y,  
Dias-Santagata D, Lifshits E, Toschi L, Rogers A, Mok T, 
Sequist L, Lindeman NI, Murphy C, Akhavanfard S, 
Yeap BY, Xiao Y, Capelletti M, et al. Preexistence and 
clonal selection of MET amplification in EGFR mutant 
NSCLC. Cancer cell. 2010; 17:77–88.

114. Suarez RM, Chevot F, Cavagnino A, Saettel N, 
Radvanyi F, Piguel S, Bernard-Pierrot I, Stoven V, 
Legraverend M. Inhibitors of the TAM subfamily of 
tyrosine kinases: Synthesis and biological evaluation. 
Eur J Med Chem. 2013; 61:2–25.

115. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, 
Hyland C, Park JO, Lindeman N, Gale CM, Zhao X, 
Christensen J, Kosaka T, Holmes AJ, Rogers AM, 
Cappuzzo F, Mok T, Lee C, et al. MET amplification leads 
to gefitinib resistance in lung cancer by activating ERBB3 
signaling. Science. 2007; 316:1039–1043.

116. Gusenbauer S, Vlaicu P, Ullrich A. HGF induces novel 
EGFR functions involved in resistance formation to 
tyrosine kinase inhibitors. Oncogene. 2013; 32:3846–3856.

117. Sharif MN, Sosic D, Rothlin CV, Kelly E, Lemke G, 
Olson EN, Ivashkiv LB. Twist mediates suppression 
of inflammation by type I IFNs and Axl. The Journal of 
experimental medicine. 2006; 203:1891–1901.

118. Bosurgi L, Bernink JH, Delgado Cuevas V, Gagliani N, 
Joannas L, Schmid ET, Booth CJ, Ghosh S, Rothlin CV. 
Paradoxical role of the proto-oncogene Axl and Mer 
receptor tyrosine kinases in colon cancer. Proceedings of 
the National Academy of Sciences of the United States of 
America. 2013; 110:13091–13096.

119. Paolino M, Choidas A, Wallner S, Pranjic B, Uribesalgo I, 
Loeser S, Jamieson AM, Langdon WY, Ikeda F, Fededa JP, 
Cronin SJ, Nitsch R, Schultz-Fademrecht C, Eickhoff J, 
Menninger S, Unger A, et al. The E3 ligase Cbl-b and 
TAM receptors regulate cancer metastasis via natural killer 
cells. Nature. 2014; 507:508–512.

120. Wu W, Bi C, Credille KM, Manro JR, Peek VL, 
Donoho GP, Yan L, Wijsman JA, Yan SB, Walgren RA. 
Inhibition of tumor growth and metastasis in non-small 
cell lung cancer by LY2801653, an inhibitor of several 
oncokinases, including MET. Clinical cancer research: an 

official journal of the American Association for Cancer 
Research. 2013; 19:5699–5710.

121. Yan SB, Peek VL, Ajamie R, Buchanan SG, Graff JR, 
Heidler SA, Hui YH, Huss KL, Konicek BW, Manro JR, 
Shih C, Stewart JA, Stewart TR, Stout SL, Uhlik MT,  
Um SL, et al. LY2801653 is an orally bioavailable multi-
kinase inhibitor with potent activity against MET, MST1R, 
and other oncoproteins, and displays anti-tumor activities 
in mouse xenograft models. Investigational new drugs. 
2013; 31:833–844.

122. Lee HJ, Jeng YM, Chen YL, Chung L, Yuan RH. Gas6/
Axl pathway promotes tumor invasion through the 
transcriptional activation of Slug in hepatocellular 
carcinoma. Carcinogenesis. 2014; 35:769–775.

123. Besterman JM, Fournel M, Dupont I, Bonfils C, 
Dubay M, Ste-Croix H, Maroun CR. Potent preclinical 
antitumor activity of MGCD265, an oral Met/VEGFR 
kinase inhinitor inphase II clinical development, in 
combinationwith taxanes of erlotinib. Journal of Clinical 
Oncology. 2010; 28:e13595.

124. Fournel M, Wang J, Beaulieu N, Bonfils C, Hurwitz H, 
Shapiro G, Kollmannsberger CK, Juretic M, 
Besterman JM, Maroun CR. A Novel Assay for the Met 
Inhibitory Activity of MGCD265 in Plasma From Solid 
Tumor Patients in a Dose Escalating Phase I Study. 
European journal of cancer. 2012; 48:95–96.

125. Beaulieu N, Sainte-Croix H, Bonfils C, Mannion M, 
Raeppel S, LuboIsakovic, Claridge S, Saavedra O, 
Raeppel F, Vaisburg A, Wang J, Fournel M, Besterman 
JM, Maroun CR. (2013). Preclinical characterization of 
MG516, a Novel Inhibitor of Receptor Tyrosine Kinases 
Involved in Resistance to Targeted Therapies AACR. 
(Washington DC). 

126. Padda S, Neal JW, Wakelee HA. MET inhibitors in 
combination with other therapies in non-small cell lung 
cancer. Transl Lung Cancer Res. 2012; 1:238–253.

127. Yakes FM, Chen J, Tan J, Yamaguchi K, Shi YC, Yu PW, 
Qian F, Chu FL, Bentzien F, Cancilla B, Orf J, You A, 
Laird AD, Engst S, Lee L, Lesch J, et al. Cabozantinib 
(XL184), a Novel MET and VEGFR2 Inhibitor, 
Simultaneously Suppresses Metastasis, Angiogenesis, 
and Tumor Growth. Molecular cancer therapeutics. 2011; 
10:2298–2308.

128. Wakelee HA, Gettinger SN, Engelman JA, Janne PA, 
West HJ, Subramaniam DS, Leach JW, Wax MB, Yaron Y, 
Lara P. A phase Ib/II study of XL184 (BMS 907351) with 
and without erlotinib (E) in patients (pts) with non-small 
cell lung cancer (NSCLC). Journal of Clinical Oncology. 
2010; 28.

129. Kurzrock R, Sherman SI, Ball DW, Forastiere AA, 
Cohen RB, Mehra R, Pfister DG, Cohen EEW, Janisch L, 
Nauling F, Hong DS, Ng CS, Ye L, Gagel RF, Frye J, 
Muller T, et al. Activity of XL184 (Cabozantinib), an Oral 
Tyrosine Kinase Inhibitor, in Patients With Medullary 



Oncotarget9563www.impactjournals.com/oncotarget

Thyroid Cancer. Journal of Clinical Oncology. 2011; 
29:2660–2666.

130. Zhang Y, Guessous F, Kofman A, Schiff D, Abounader R. 
XL-184, a MET, VEGFR-2 and RET kinase inhibitor for 
the treatment of thyroid cancer, glioblastoma multiforme 
and NSCLC. IDrugs: the investigational drugs journal. 
2010; 13:112–121.

131. Schroeder GM, An YM, Cai ZW, Chen XT, Clark C, 
Cornelius LAM, Dai J, Gullo-Brown J, Gupta A, 
Henley B, Hunt JT, Jeyaseelan R, Kamath A, Kim K, 
Lippy J, Lombardo LJ, et al. Discovery of N-(4-(2-Amino-
3-chloropyridin-4-yloxy)-3-fluorophenyl)-4-ethoxy-1-(4-
fluorophenyl)-2-oxo-1,2-dihydropyridine-3-carboxamide 
(BMS-777607), a Selective and Orally Efficacious 
Inhibitor of the Met Kinase Superfamily. Journal of 
medicinal chemistry. 2009; 52:1251–1254.

132. Burbridge MF, Bossard CJ, Saunier C, Fejes I, Bruno A, 
Leonce S, Ferry G, Da Violante G, Bouzom F, Cattan V, 
Jacquet-Bescond A, Comoglio PM, Lockhart BP, 
Boutin JA, Cordi A, Ortuno JC, et al. S49076 Is a Novel 
Kinase Inhibitor of MET, AXL, and FGFR with Strong 
Preclinical Activity Alone and in Association with 
Bevacizumab. Molecular cancer therapeutics. 2013; 
12:1749–1762.

133. Sheridan C. First Axl inhibitor enters clinical trials. Nature 
biotechnology. 2013; 31:775–776.

134. Ye X, Li Y, Stawicki S, Couto S, Eastham-Anderson J, 
Kallop D, Weimer R, Wu Y, Pei L. An anti-Axl monoclonal 
antibody attenuates xenograft tumor growth and enhances 
the effect of multiple anticancer therapies. Oncogene. 
2010; 29:5254–5264.

135. Cerchia L, Esposito CL, Camorani S, Rienzo A, Stasio L, 
Insabato L, Affuso A, de Franciscis V. Targeting Axl With 
an High-affinity Inhibitory Aptamer. Molecular Therapy. 
2012; 20:2291–2303.

136. Esposito CL, Cerchia L, Catuogno S, De Vita G, Dassie JP, 
Santamaria G, Swiderski P, Condorelli G, Giangrande PH, 
de Franciscis V. Multifunctional Aptamer-miRNA 
Conjugates for Targeted Cancer Therapy. Molecular 
Therapy. 2014; 22:1151–1163.

137. Krishnamoorthy GP, Guida T, Alfano L, Avilla E, 
Santoro M, Carlomagno F, Melillo RM. Molecular 
mechanism of 17-allylamino-17-demethoxygeldanamycin 
(17-AAG)-induced AXL receptor tyrosine kinase 
degradation. The Journal of biological chemistry. 2013; 
288:17481–17494.

138. Nimmagadda S, Pullambhatla M, Lisok A, Hu C, Maitra A, 
Pomper MG. Imaging Axl expression in pancreatic and 
prostate cancer xenografts. Biochemical and biophysical 
research communications. 2014; 443:635–640.

139. Beaulieu N, Sainte-Croix H, Bonfils C, Mannion M, 
Raeppel S, LuboIsakovic, Claridge S, Saavedra O, 
Raeppel F, Vaisburg A, Wang J, Fournel M, Besterman JM, 
Maroun CR. (2013). Preclinical characterization of 
MG516, a Novel Inhibitor of Receptor Tyrosine Kinases 
Involved in Resistance to Targeted Therapies AACR 2013 
Poster:#6130 Proceedings: AACR 104th Annual Meeting 
2013; Apr 6–10, 2013; (Washington, DC). 

140. Ou WB, Corson JM, Flynn DL, Lu WP, Wise SC, 
Bueno R, Sugarbaker DJ, Fletcher JA. AXL regulates 
mesothelioma proliferation and invasiveness. Oncogene. 
2011; 30:1643–1652.

141. Zhang YX, Knyazev PG, Cheburkin YV, Sharma K, 
Knyazev YP, Orfi L, Szabadkai I, Daub H, Keri G, 
Ullrich A. AXL is a potential target for therapeutic 
intervention in breast cancer progression. Cancer research. 
2008; 68:1905–1915.


